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ABSTRACT 
 
The study aims to improve the practice in the installation of sewage pipes which in 
trial-and-error approach is based. The methodology proposed by the standards is 
analysed and it has been used for development the parametric study. Likewise, the 
methodology used for the Life Cycle Assessment (LCA) is analysed.    
 
The minor thesis consists of two studies that were developed at the same time and 
complement each other. The structural and the environmental study conducted by an 
interdisciplinary group from two universities UAB (in terms of the environmental study) 
and UPC (for implementing the structural study). 
 
In structural analysis, detailing the behaviour of the most influence analysis on the 
behaviour of the system pipe-soil in case of flexible pipes and strength classes in case of 
rigid concrete pipes have been studied.  
 
In environmental analysis, the various indicators and the impact that each caused 
depending on the type of trench used, the pipe material chosen and the different 
construction methods to perform the installation have been defined.  
 
Finally, general and particular conclusions from studies are presented.   
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RESUMEN 
 
El estudio pretende mejorar la práctica habitual en la instalación de tuberías de 
saneamiento. Se ha analizado y utilizado la  metodología que propone la normativa para el 
desarrollo de la casuística a analizar. Asimismo, también se ha analizado la metodología 
para realizar el análisis del ciclo de vida (ACV).  
 
El trabajo consta de dos estudios realizados de forma conjunta y complementaria. 
El estudio estructural y el estudio ambiental realizado a través de un grupo 
interdisciplinar entre dos universidades la UAB (en cuanto a la realización del estudio 
ambiental) y la UPC (para la realización del estudio estructural). 
 
En el análisis estructural, se ha estudiado con detalle el comportamiento de los 
parámetros más influyentes en el comportamiento del sistema tubo-suelo en el caso de 
tuberías flexibles y de las clases resistentes en caso de tuberías rígidas de hormigón. 
 
En el análisis ambiental, se han definidos los distintos indicadores a estudiar y el 
impacto que provocaba cada uno de ellos dependiendo del tipo de zanja utilizada, del 
material de la tubería escogido y de los distintos métodos constructivos para la realización 
de cada instalación.   
 
Finalmente, se presentan conclusiones generales y parciales de los estudios 
realizados.  
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Figure 1. Nomenclature for cross section of the pipe 
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a m Distance between wheel  
A m2 Cross -sectional area per unit length 
b m Distance between axle 
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   m External diameter of pipe  
   m Width of the trench (measured at the top level of the pipe) 
Cc - Load coefficient of concentrated loads 
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Ch₁,₂ - Horizontal deformation coefficients 
Cn - Coefficient over embankment trench 
Cv₁,₂ - Vertical deformation coefficients  
Cz - Load factor of the trench or embankment  
   - Deflection lag factor (about 1,0) 
Dn m Nominal diameter  
e m, cm, mm Pipe wall thickness 
   N/mm2 Modulus of elasticity of soil 
BOTTOM 
INVERT 
TOP 
CROWN 
SPRINGLINE 
CENTERLINE  
ID 
OD 
HAUNCH 
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Ef₁,₂ N/mm2 Pavement modulus of compression  
Et N/mm2 Modulus of elasticity (pipe material)  
Es E₁,₂,₃,₄ N/mm2 Soil modulus of compression  
F  N Load of CBR 
h₁,₂ m Height of pavement 
H m Height of soil cover 
He m Equivalent height  
    m Height of plane of equal settlement above the top of pipe  
H₁ m Height of backfill  
H₂ m Height of embankment  
Ha m Height of water table  
I m4/m, mm4/mm Moment of inertial  
ID m Inside diameter 
  m/m Pressure drop 
  - 
Rankine’s ratio of lateral ground pressure to horizontal soil 
pressure  
 ’ - 
Bedding factor (about 0,1), it varies form 0,110 to 0,083 as α 
increases form zero to 180° 
K₁ - Coefficient of lateral thrust backfill 1 
K₂ - Coefficient of lateral thrust backfill 2 
L m Length  
m - Concentration factor of vertical pressure 
mv,q,t,a - Moments coefficients 
M, Mv,q,t,a,pa kN/m Moments  
n - Concentration factor of lateral soil pressure 
  - Manning coefficient 
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N, Nv,q,t,a,pa kN/m Axial forces 
OD m Outside diameter 
pf - Braking probability  
  kN/m2 Soil pressure on the top of the pipe 
Pc kN Concentrate overload  
Pcr kN/m2 Critical buckling load  
Pd kN Distribute overload  
Pe kN/m2, N/mm2 External water pressure  
Pi kN/m2 Internal pressure of water 
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Pj - Projection reaction  
Pvc kN/m2 Vertical pressure of traffic 
Pvr kN/m2 Vertical pressure of overloads  
  m3/s Flow 
qh kN/m2 Horizontal pressure of the soil 
qht kN/m2 Horizontal reaction  
qv kN/m2 Vertical pressure of the soil  
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R  mm Radius of CBR plate  
   m Hydraulic radius 
  m Pipe radius 
re m External radius 
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rm m, cm, mm Average radius  
    m Settlement ratio  
S  cm2/m 
Cross sectional area of the pipe wall per unit length of the 
pipe 
Ssh N/mm2 Backfill stiffness  
St N/mm2 Pipe stiffness  
V kN Vertical force 
Vts  - Stiffness coefficient (pipe-soil) 
y mm Deformation of CBR 
W  cm3/m Section modulus  
   kN/m Backfill load on the pipe  
   kN/m Marston backfill  load on the pipe 
2α ° Support angle  
αD - Penetration ratio  
αK - Factor of curvature correction  
β ° Inclination angle of the trench wall 
γ₁,₂ kN/m3 Soil unit weight  
γt kN/m3 Unit weight of pipe material 
γa kN/m3 Unit weight of water 
δ - Bedding coefficient  
δv % Ring deflection 
ΔDv mm Decrease in vertical diameter 
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  - Impact coefficient 
ξ - Correction factor  
ρ’ ° Soil friction angle with the trench wall 
ρ ° Friction angle 
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η₁,₂,₃ - Security coefficient of squashing  
ν - Security coefficient of breaking   
   - Coefficient of friction of backfill and the trench  
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CHAPTER 1 
INTRODUCTION AND OBJECTIVES 
 
 
 
 
 
 
 
1.1. SCOPE OF THE RESEARCH 
 
Buried pipes constitute the majority of subsurface infrastructures which are 
absolutely necessary providing to the community different kind of services. But not only 
provide services is important, the sewer systems serve as veins to carry off the waste. 
Sewer system improves standards of hygiene and eliminates the occurrence and spreading 
of disease. Without adequate drainage systems the considerable present-day 
manufacturing industry would be the cause of unpredictable environmental 
repercussions. Drainage systems are therefore of crucial importance to the wealth and 
welfare of modern society. It is now possible to design the underground conduits with a 
degree of precision comparable with that obtained in designing other kind of 
constructions such as buildings and bridges.  
 
Due to the lack of rules that help to decide between the different types of trenches 
that appear in the standards, and the existence of customs due to trial-and-error approach. 
In the pages which follow, the reader will be introduced to the concept of a pipe soil 
system and the importance that the soil and the design and preparation of the backfill 
materials play in the long-term performance of a buried pipe structure. The study aims to 
conclude with guidelines regarding trench design and the placement and subsequent 
backfill of the pipe, without neglecting the environmental aspect which will provide an 
optimal solution. 
 
 
2   Introduction and objectives 
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1.2. OBJECTIVES  
 
The aim of this minor thesis is to analyse structurally and environmentally the 
different types and shapes of sewer system trenches. Taking that into account, 3 general 
objectives that correspond to the main subjects addressed in this minor thesis are defined 
as follows.  
 
 Analyse the different installations of trenches for flexible pipes (mainly with pipes 
of  PVC and some specific cases of HDPE for the environmental study)  
 
 Perform the different load factor (Fa) scenarios with concrete pipes. 
 
 Obtain the environmental impacts of the equivalent solutions using flexible and 
rigid pipes. 
 
In order to achieve the main goals several specific objectives are set. Table 1.1 
shows the main specific goals for each subject treated in the minor thesis. 
 
Table 1.1. Specific objectives  
Goal Specific objective  
Installation: 
flexible pipes 
(PVC and HDPE) 
 Perform a parametric study which involves backfill materials, 
weight, nominal diameters, etc 
 Compare  the loads that arrive to the pipe with the different 
initial features   
 Verify parameters of deformation (δv), breaking ( ) and 
squashing ( ₃).    
Installation: 
rigid pipes 
(Concrete) 
 Obtain cases with different bedding factor (load factor , Fa) 
(concrete, granular soil, etc) 
 Determine the minimum strength required by the loads  
 Compare with the ultimate strength of the pipe and determine 
the features of pipe.     
 
 
 
 
 
Environmental 
impacts 
 To compose an inventory of the materials and energy inputs in 
the life cycle of a sewer system 
 To identify the impacts of the production, transport and 
installation of standard constructive solution by pipe material, 
diameter and trench design using LCA 
 To determine the effects of structural changes on the 
environmental impacts of the system (different beddings) 
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1.3. METHODOLOGY  
 
This minor-thesis is subdivided into six chapters, some references and an appendix 
as show in Figure 1.1. The introduction and the main subjects to go through the document 
in the first and second chapter are explained. At this point, parametric study is realized 
which is used in order to do the environmental study.      
 
 In Chapter 1, the general and specific objectives with the methodology to achieve 
them are presented. 
 
 Chapter 2 provides a state of the art of the subject addressed in this minor thesis. 
 
 In Chapter 3, the mechanical design of buried pipes is explained with all the steps 
in order to obtain the parametric study.  
 
 Chapter 4, the parametric study is presented and the results are discussed.     
 
 In Chapter 5 the results of environmental impact are discussed.   
 
 Conclusions and outlooks of this work are provided in Chapter 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Organizing outline  
ENVIRONMENTAL 
 OPTIMIZATION  
STRUCTURAL  
OPTIMIZATION  
CHAPTER 3 
(Mechanical design  
of buried pipes) 
CHAPTER 4 
(Parametric study and  
results analysis) 
CHAPTER 1 
(Introduction and Objectives) 
CHAPTER 2 
(State of the art) 
CHAPTER 6 
(Conclusions) 
CHAPTER 5 
(Sustainability analysis) 
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CHAPTER 2 
STATE OF THE ART 
 
 
 
 
 
 
 
2.1. INTRODUCTION 
 
The aim of this chapter is to reviews the performance of gravity sewer pipes made 
of PVC, reinforced concrete, HDPE and steel. A perspective of the pipe types in terms of 
difference in materials characteristics, design approaches, soil mechanisms, installation 
procedures and different resistances to chemical, biological and mechanical deterioration 
will be presented. 
 
Although much information about individual pipes is available, reported 
comparative studies about the long-term performance of various pipes are scarce. There 
are more reported studies on culverts than on sewer pipe, possibly because of limited 
access to sewer systems.   
 
Sewer system use gravity pipes to transport the waste water, instead of potable 
water systems that used pressure pipes. Quality controls are becoming continually more 
stringent. For this reason, it is necessary to have a modern system without infiltrations, 
which can pollute the potable water. Moreover, the need for water systems has produced a 
demand for high-quality piping materials and the designer of properly systems installed. 
 
Given that durability is a measure of the pipe’s ability to withstand environmental 
effects with time. It is one of the main aspects to consider when determine the life of the 
pipe. Pipe performance and durability are of great concern to cities and municipalities in 
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the construction of new, buried infrastructure pipeline systems. Durable pipe will 
minimize the cost of future maintenance and rehabilitation (Zhao et al., 1998). 
 
Engineers involved in underground pipeline design are faced with having to 
choose the most suitable pipe material form among various products for a particular 
project. This has become more and more challenging. Not only are so many products 
available and new products introduced, but also engineers have to sort through claims and 
counterclaims of various pipe suppliers and manufacturers, or their associations, about 
products. In current practice, the choice of pipe material is mainly based on the initial 
material and installation costs, and on previous experience.  
 
2.2. PIPE MATERIALS  
 
Traditionally underground pipe systems were primarily rigid and usually made of 
concrete. The industry of concrete pipes appeared during the nineteenth century, after the 
USA realized the need of sewer systems (ATHA). But it wasn’t until the beginning of the 
30's when it started to industrially manufacture PVC (ASETUB, 2006). Nevertheless, 
corrugated steel, PVC and HDPE were gradually introduced into the market about 50 years 
ago (Uni-Bell, 1993).  
 
In the design of underground pipe systems, an integral relationship exists between 
the behaviour of the pipe and the behaviour of the soil in which it is buried (see figure 2.1). 
On that tenet, two general pipe designs can be considered depending on whether the pipe 
is rigid or flexible. A pipe can be considered as flexible when its section can deflect more 
than 2% without cracking, whereas the materials that do not meet this criterion are 
usually considered to be rigid.    
 
 
Figure 2.1. Graphic showing the contribution of sidefill soil in flexible pipe 
 
There are many types of piping materials (see table 2.1) and the exigency of the 
community and the economic competition determine the appearance of better piping 
materials. They are ranging from rigid concrete to flexible thermal plastics with certain 
advantages for their material. Such things as inherent strength, stiffness, corrosion 
resistance, lightness, flexibility and some more characteristics that are often given as 
reasons for using a particular material. 
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Table 2.1. Pipe materials 
Rigid pipes Flexible pipes 
Reinforced non-cylinder concrete 
Steel 
Reinforced concrete cylinder 
Pretessed concrete cylinder 
Ductile iron 
Vitrified clay 
Polymer concrete  
Polyvinyl Chloride (PVC) 
Cast iron 
Asbestos cement 
High Density Polyethylene (HDPE) 
Cast-in-place  
 
Reinforced concrete pipe are commonly used for both sewer and culvert 
applications, instead corrugated steel and HDPE pipes that are mainly used for culverts. 
PVC pipe is used only in sanitary sewer systems. At present, flexible pipes mainly PVC and 
HDPE are taking an important role in all new installations. 
 
Figure 2.2 reflects the existing scope of applicability and the usual diameters in 
Spain. It is necessary to know that this sector is constantly changing. According to CEDEX 
(2007) 15 years ago, 100 and 150 mm diameter PE pipes were only used, however 
nowadays the diameters 1000 and 1200 mm are also common. This evolution makes 
required the knowledge of used nominative diameters. It can be seen from the figure 2.3 
that concrete pipes accept bigger diameters than the other materials although the PVC is 
the most common for smaller diameters. 
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Figure 2.2. Nominal diameters (frequent or infrequent use) of different pipes (CEDEX, 2007) 
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2.3. THEORY OF DESIGN METHODS  
 
In the early 1900s, Anson Marston developed a method of calculating the ground 
load to which a buried pipe is subjected in service. This method, known as the Marston 
load theory, serves to predict the supporting strength of pipe under various installation 
conditions. M. G. Spangler, working together with Marston, developed a theory for flexible 
pipe design. In addition, much testing and research have produced quantities of empirical 
data which also can be used in the design process (Moser, 2001).  
 
Anson Marston published his original papers “The Theory of Loads on Pipes in 
Ditches and Tests of Cement and Clay Drain Tile and Sewer Pipe” (Marston, 1913) and 
“The Theory of External Loads on Closed Conduits in the Light of the Latest Experiments” 
(Marston, 1930). These works were the beginning of the design methods for calculating 
ground loads on buried pipes which is recognized around the world as the Marston load 
equation. 
 
In the analysis of external loads on buried pipes, Marston defined two main types 
of loading conditions of buried pipes, a ditch conduit (referred to a trench load condition 
in present day nomenclature), and a projecting conduit (referred to as an embankment 
condition in present day literature) which are represented in table 2.2. 
 
In 1941, “The Structural Design of Flexible Pipe Culverts” (Spangler, 1941) was 
published by Marston’s student Merlin Spangler. There was derived the Iowa Formula, an 
equation to predict the ring deflection of buried flexible pipes. For this reason he is known 
nowadays as “the father of buried flexible pipe design” (Rahman, 2010).  
 
2.3.1 Rigid pipe analysis. Marston   
 
Marston, in order to determine the loads, defines two types of installation 
conditions, trench conditions and embankment condition. 
 
- Trench condition  
The trench width is generally twice the diameter of the pipe. In this case, the side 
columns of soil or the external prisms are more compressible than the pipe due to its 
inherent rigidity. Consequently the pipe assumes the load generated across the width of 
the trench (schematically represented in figure 2.3). By doing the vertical load equilibrium 
(equation [2.1]), and solving the differential equation, the maximum load (V) is obtain in 
the equation [2.2]. 
 
 
      
        
  
  
  
  
  [ 2. 1 ] 
  
     
      
           
           [ 2. 2 ] 
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Substituting   , is obtain the total vertical pressure at the elevation of the top of 
the conduit. For simplicity and ease of calculation, the load coefficient  , is defined as: 
 
Finally, the load on a rigid conduit in a ditch is expressed as: 
 
Table 2.2. Marston’s buried pipe installation/loading conditions (Rahman, 2010) 
Marston’s Conduit 
Installation Type 
Present day 
nomenclature 
Description Diagram 
Ditch conduit / Trench load condition 
Ditch conduit Trench load condition 
Pipe is installed in a narrow 
trench (generally, trench 
width≤2*pipe diameter) in 
undisturbed soil, then 
backfilled to natural ground 
surface level. 
 
 
 
 
Projecting conduit / Embankment Condition 
Positive projecting 
conduit 
Positive embankment 
condition/positive 
projecting 
embankment 
Pipe is installed underneath an 
embankment, in shallow 
bedding, its top projecting 
above the surface of the natural 
ground. 
 
 
 
 
 
 
 
 
 
 
 
Negative projecting 
conduit 
Negative embankment 
condition/negative 
projecting 
embankment 
Pipe is installed underneath an 
embankment, in narrow and 
shallow trench, with its top at 
an elevation below natural 
ground surface. 
 
 
 
 
 
 
 
 
 
 
 
 
Imperfect ditch 
conduit 
Induced trench 
condition 
Special case, similar to negative 
embankment condition, but 
more favourable from 
standpoint of load reduction on 
pipe, used in very deep 
installations. Difficult to achieve 
for large-diameter pipe. 
 
 
 
 
 
 
 
 
    
         
        
      
  [ 2. 3 ] 
               [ 2. 4 ] 
Top of embankment  
Natural 
ground   
Natural ground surface  
Top of embankment  
Natural 
ground   
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The values of ,   and    were determinate experimentally by Marston, and typical 
values are given in (table 2.3). As indicated by equations [2.3] and [2.4], the ground load 
above the pipe increases as the trench width increases.  
 
Table 2.3. Approximate values of soil unit weight, ratio of lateral to  
vertical ground pressure, and coefficient of friction against sides of trench (Moser, 2001) 
Soil type 
Unit weight, 
       
Rankine’s 
ratio,  
Coefficient of 
friction,  
Partially compacted damp topsoil 90 0.33 0.50 
Saturated topsoil 110 0.37 0.40 
Partially compacted damp clay 100 0.33 0.40 
Saturated clay 120 0.37 0.30 
Dry clay 100 0.33 0.50 
Wet clay 120 0.33 0.50 
 
 
Figure 2.3. Diagram of forces over the rigid pipe (Moser, 2001) 
 
- Embankment condition 
The embankment condition corresponds to the situation in which the top of the 
pipe is above the natural ground. Marston defined this type of installation as a positive 
projecting conduit. There are two cases of positive projecting conduits as proposed by 
Marston (see figure 2.4).   
 
In the figure 2.4.a the ground at the sides of the pipe settles more than the soil at 
the sides of the pipe, and it was called the projection condition by Marston and is 
characterized by a positive settlement ratio (   ) defined in the equation [2.8].  
 
On the other hand, the case of the figure 2.4.b the top of the pipe settles more than 
the soil at the sides of the pipe, and is called the ditch condition characterized by a 
negative settlement ratio (   ).   
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In both cases there is a horizontal plane above the pipe where the shearing forces 
are zero. This plane is called the plane of equal settlement. If the plane is real, means that it 
is located within the embankment, then is called an incomplete projection or an 
incomplete ditch condition. Otherwise if the plane of equal settlement is imaginary, that 
means the shear forces extend all the way to the top of the embankment, it is called a 
complete ditch or complete projection condition.  
 
 
 
Figure 2.4. Embankment condition. a) Positive projection, b) Negative projection. 
 
For embankment (positive projecting) the Marston’s load equation is: 
 
For complete condition   , is calculated by the following equation: 
 
However, if the condition is incomplete   , is calculated by the following equation: 
 
Where    is the height of the plane of equal settlement. Then, if      the 
incomplete case becomes the complete case and the equation [2.7] become the equation 
[2.6]. Finally, the settlement ratio is defined as:  
               [ 2. 5 ] 
    
                
      
  [ 2. 6 ] 
    
                
      
  
 
  
 
   
  
                  [ 2. 7 ] 
a) b) 
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Designs of the various types of rigid pipe for nonpressure applications to resist 
external loads require knowledge of available pipe strengths as well as the construction or 
installation conditions to be encountered. 
 
Rigid pipe is tested for strength in the laboratory by the three-edge bearing test 
(figure 2.5) is the diagram of test. Methods for testing are described in detail in the 
respective ASTM specifications for the specific pipe material. The three-edge bearing 
strength is the load per length required to cause crushing or critical cracking of the pipe 
test specimen. This strength is the load at failure in a testing machine. It is not necessarily 
the load that will cause failure in the soil.  
 
 
Figure 2.5. Three-edge bearing (wood block) schematic 
 
2.3.2 Flexible pipe analysis. Spangler  
 
In the case of flexible pipes, those are more compressible than the external soil 
columns, without any structural damage caused to the pipe as a result of its vertical 
deflection, allowing the central prism to settle more in relation to the external prisms, the 
actual load on the pipe is less than the load of the central prism due to the direction in 
which the shearing stresses or friction forces develop as a result of the differential 
settlement of the central prism in relation to the external prisms.  
 
In order to calculate the load over the pipe, the equation [2.9], can be used, where 
the coefficient    has the same meaning as in the equation [2.3]. 
 
Equation [2.9] provides the minimum ground load on flexible pipe (Moser, 2001). 
According to Moser, a more realistic design load, which is larger in magnitude than the 
minimum ground load, is the soil prism load   defined as: 
    
               
  
  [ 2. 8 ] 
                 [ 2. 9 ] 
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As the load increases, the vertical diameter of the pipe decreases, and the 
horizontal diameter increases. The increase in horizontal diameter is resisted by the 
stiffness of the soil at the side of the pipe (see figure 2.1). It must realize the pipe-soil 
structural interaction. It is the major component of the design. It uses Spangler’s deflection 
equation.  
 
Spangler recognized that flexible pipe deflects under soil load and develops 
horizontal soil support (see figure 2.6). Using the method of virtual work, Spangler solved 
for horizontal pipe expression [2.11]:  
 
 
Figure 2.6. Spangler’s assumptions for derivation of the Iowa Formula 
 
The Bedding constant (K) accommodates the response of the buried flexible pipe 
to the opposite and equal reaction to the load force derived from the bedding under the 
pipe. The Bedding constant varies with the width and angle (θ) of the bedding achieved in 
the installation. 
 
 
Figure 2.7. Bedding angle 
 
       [ 2. 10 ] 
   
          
 
                
 
 
 [ 2. 11 ] 
        [ 2. 12 ] 
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To understand pipe-soil interaction, the Iowa Formula can be rewritten for vertical 
ring deflection [2.13]: 
  
Stiffness is the most important feature of flexible pipes. It refers to the material’s 
ability to resist deflection. Stiffness is directly related to the modulus of elasticity of the 
pipe material and the second moment of the cross section of the pipe wall. The relative 
effect on ring deflection of ring stiffness         and soil stiffness        can be 
evaluated. It is easily shown that ring stiffness for flexible pipe materials is usually 
insignificant compared to soil stiffness, especially if soil embedment is select and compact.  
  
2.3.3 Design considerations for creep characteristics 
 
Creep is the continuing deflection of a pipe over time, under sustained loading. 
With all plastics, flexible pipes when subjected to a load, the modulus of elasticity 
decreases with time. The results in increasing pipe strains, increasing vertical deflection 
and decreasing pipe stiffness (Jeyapalan et al., 1986).  
 
The short term modulus of HDPE is given in the range from 690 to 900 N/mm2, 
whereas the long term modulus varies from 140 to 210 N/mm2. It is the long term 
modulus of elasticity values that should be used in calculating long term pipe deflection 
and critical buckling pressures.  Table 2.4 shows the long term modulus of elasticity for 
PVC and HDPE pipes.   
 
Table 2.4. Long term modulus of elasticity (Kienow and Prevost, 1983) 
Material Modulus of elasticity after 50 years 
PVC 33% of initial  
HDPE 16% of initial  
 
In addition, flexible pipes continue to deflect after they have been installed and a 
vertical load has been fully applied. They do so until the soil around the pipe has fully 
densified (compacted and consolidated, see point 2.4). These construction-induce 
deflections need also to be taken into consideration during design. 
 
2.3.4 Summary of flexible and rigid pipes 
 
To sum up, as it can shown there are some differences between both designs with 
some positive and negative particularities, that are necessary to consider when the 
engineer is doing the design. Table 2.5 shows these differences and compare both designs.  
 
Measurements made by Marston and Spangler revealed that the load on a flexible 
pipe is substantially less than that on a rigid pipe (see figure 2.8) this shocking result is 
understand because of when the flexible pipe is in the ground it deflects.  
 
   
  
 
 
    
                 
  [ 2. 13 ] 
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Figure 2.8. Measured loads on rigid and flexible pipe over a period of 21 years  
(Spangler et al., 1982) 
 
Table 2.5. Comparison of pipe design 
Parameters  Rigid pipe Flexible pipe 
Ground load Marston load Prism load 
Load carrying 
mechanism 
Support ground load by inherent 
strength in the pipe material 
Rely on lateral soil resistance for 
stability and support to carry 
ground load 
Bedding and 
backfill 
Important in distributing the load 
and minimizing stress concentration 
Critical, and part of pipe load-
carrying system 
Design 
approach 
Stress governs 
Three-edge-bearing strength in used 
Ground load is determined by 
Marston 
Deflection governs 
Strain is a critical factor 
Deflection can be determined by 
Spangler’s equation 
Creep Negligible 
All plastic pipes have decreasing 
modulus of elasticity with time, 
when subjected to sustained loads. 
Long term modulus (table 2.3) 
 
2.4. SOIL MECHANICS 
 
One of the most significant parameter is the soil envelope surrounding the pipe. 
Standard organizations such as the American Association of State Highway and 
Transportation Officials (AASHTO) and the American Society for Testing and Materials 
(ASTM) classification systems based on particle distribution and Atterberg limits. Of the 
various methods of soil classification, the Unified Soil Classification System (USCS) is the 
most commonly and preferred by geotechnical engineers.  
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2.4.1 Soil classes  
 
The description of the grain size distribution of soil particles according to their 
texture (Moser, 2001): 
 
 Gravel. Individual grains are bigger than 2 mm and are generally rounded in 
appearance. 
 Sand. Small rocs and mineral fragments are from 0.1 to 2 mm in diameter.  
 Silt. Fine grains appear soft and floury, form 0.01 to 0.1 mm in diameter. 
 Clay.  This very fine-textured soil forms hard lumps when dry and is sticky to slick 
when wet. Grains are smaller than 0.01 mm.  
 Organic. This is peat. 
 
For determinate the configuration of the trench is necessary to know all soil 
parameters such as soil type, soil density and moisture content. Those are usually 
considered in the design.  
 
2.5. PIPE INSTALLATION TYPE 
 
The geometry of a trench (bottom width, depth and slope) has a significant impact 
on the construction cost and design of the pipe. In particular, trench width influences the 
ground pressures and the stiffness of the soil that support the pipe (Hodges et al., 1993) 
(McGrath et al., 1990). If the native soil is soft and the trench width is less than five times 
the pipe diameter, the composite soil stiffness will be lower than the stiffness of the 
backfill. It is, in general, suggested to make the trench as narrow as possible to reduce the 
ground load, while maintaining reasonable work space for proper compaction.   
 
Rigid installation type: 
 
The classification of installations depends directly on the bedding factors. 
Experience has shown that the Marston load, to cause failure, is usually greater than the 
three-edge bearing strength and depends on how the pipe was bedded. As shown in the 
figure 2.9, this bedding could be concrete cradle or concrete arch, compacted granular, 
granular and native soil.  
 
The Marston load that causes failure is called the field strength. The ratio of field 
strength to three-edge bearing strength is termed the bedding factor since it is dependent 
upon how the pipe was bedded/installed. The term bedding factor as used by Marston is 
sometimes called the load factor (see equation [2.14]). The two terms refer to the same 
parameter and may be used interchangeably.  
 
 
                              
              
                           
  [ 2. 14] 
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Figure 2.9. Class of bedding for rigid sewer pipes. Units in inches  
 
Flexible installation type: 
 
According to different normative and books that talk about flexible pipes, there are 
basically two types of pipe installations (Selig, 1990). In some normative it could be 
possible to find another type of installation because of installing two pipes together, they 
use the two basic types but differing that the two pipes may be at the same height or in 
different height. 
 
 Trench: 
In this case (figure 2.10.a) native soil is excavated to the depth required for pipe 
installation. The stress level of the native soil remains essentially unchanged by the 
installation. The resulting trench could be backfilled in two different compacted soils. The 
backfilled requires certain restrictions on the placement and compaction to avoid 
distressing the pipe. 
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 Embankment: 
Figure 2.10.b shows the pipe installed in a shallow trench excavated in the native 
soil and backfilled with material meeting requirements similar to trench installation. An 
ground embankment is then constructed on top of the native soil. This configuration is 
known as a negative projecting embankment pipe installation. The pipe may also be 
installed above the native soil, in which case the shallow trench is laterally supported by 
embankment soil rather than by native soil.    
 
 
2.5.1 Influence of the trench to rigid pipe 
 
As the trench width increases, the vertical ground pressure on a rigid pipe 
increases until the width reaches the transition width. At that point the vertical ground 
pressure in a trench condition agrees with that in a positive projection condition (Spangler 
et al., 1973) (Uni-Bell, 1979) (Moser, 2001). 
 
The maximum trench width is not indicated, the width should be as narrow as 
possible, with adequate side clearance to ensure proper compaction (OCPA, 1986). The 
Concrete Pipe Handbook (ACPA, 1988) suggests that the side width should not be more 
than one-third of the inside diameter (ID), and never less than 150 mm. 
 
ASCE Standards (1993) for concrete pipe, on the other hand, provide a different 
guideline for trench width. The standard recommends four the embedment increases from 
Group 4 to Group 1. The low-quality embedment, such as Group 4 requires less 
compaction, while it requires higher pipe strength. However, the minimum clearance on 
each side of the pipe is the same for all four groups: one-sixth of the outside diameter 
(OD). 
 
Thus, the trench width depends only on the pipe diameter and not on the type of 
backfill methods, even though it is expected that Group 4 requires the least trench width 
among the four groups, since Group 4 requires no compaction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10. a) Trench; b) Embankment 
Backfill B 
Backfill A 
       Native soil 
      Native soil 
Backfill B 
Backfill A 
a) b) 
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2.5.2 Influence of the trench to flexible pipe 
 
Although the ground load on a flexible pipe increases as the depth increases, it is 
less than that acting on a rigid pipe, according to the theory developed by Marston (1930). 
The installation guide for polyethylene (HDPE) pipe states that widening the trench does 
not cause the ground load to be greater than the prism load on the pipe (see equation 
[2.10]), and that the trench width is determined by practical considerations for allowing 
sufficient work space. 
 
Similarly, the ground load may be conservatively taken as the soil prism load for 
the design of PVC and corrugated steel pipes (Moser, 2001) (NCSPA, 1989) (Uni-Bell, 
1993). A minimum trench width for the embedment of plastic pipe is required to provide 
adequate work space for careful compaction.  
 
RULES OF THUMB FOR REQUIRED TRENCH WIDTH 
  
Some requirements of the trench geometry for flexible pipes are important to 
secure the right interaction between soil and pipe: 
 Trench must be wide enough for proper soil placement. 
 In poor soil, specify a minimum width of backfill of one-half a diameter D/2 from 
the pipe to the walls of the trench, or from the pipe to the windrow slopes of the 
embedment in an embankment. 
 In good soil, the width of backfill can be less, provided that the embedment is 
placed at adequate density.   
 
2.6. OTHER FACTORS DURING CONSTRUCTIONS 
 
During construction, sewer pipes may be subjected to adverse conditions such as 
impact loading, low temperatures and ultraviolet radiation. These factors are briefly 
discussed in the following parts. 
 
2.6.1 Impact resistance 
 
During de construction, pipes are required to withstand forces that are normally 
expected during shipment, handling and installation. 
 
Concrete pipe is rigid and can withstand normal handling and installation forces. 
The dynamic compressive strength of concrete is actually higher than the static strength 
(Freedman, 1985). However, rough handling can cause cracking in concrete pipe. 
 
PVC has a low impact resistance. Insufficient fusion of the PVC feedstock during 
pipe extrusion and non-homogeneity in both additive and filler dispersion also have 
negative effects on the mechanical strength of the pipe (Titow, 1990). The impact strength 
of PVC can be increased up during extrusion, by blending the PVC feedstock with an 
impact modifier, such as acryloitrile-butadiene-styrene (Titow, 1990). Impact modifies 
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may, however, reduce chemical resistance, increase susceptibility to oxidation and 
increase permeability.  
 
The impact resistance of HDPE is 10 to 30 times that of PVC. In practice, this 
greater resistance translates into relatively low breakage rates during handling and 
installation. However, the impact resistance of HDPE can be reduced significantly, much 
like than of PVC, by oxidation due to sunlight or by overheating during extrusion (Moore et 
al., 1988).  
 
2.6.2 Summary of other installation procedures 
 
Trench width, bedding and haunching are important factors that control the 
stresses and deformation of the pipe. Pipes may also be subjected to adverse conditions, 
such as low temperatures, impacts loads (described in paragraph 2.5.1), UV radiation and 
adjacent excavation, at the construction site, before being fully installed. Installation 
procedures for different pipes are summarized and compared in (Table 2.6).  
 
Table 2.6. Installation procedures of various pipes 
Parameters  Rigid pipe Flexible pipe 
Operation 
May require additional 
equipment and manpower to 
handle heavier pipe section 
Requires less compaction effort 
Requires adequate on-site inspection 
Requires maximum effort for effective 
compaction 
Ease of transportation and handling 
Temperature 
effect 
Strength increases as 
temperature decreases in the 
range of    to     
Impact strength also increases 
with decrease in temperature 
HDPE: minimum installation temperature is 
     
Impact strength is not affected significantly 
by low temperature 
PVC: minimum installation temperature is 
     
Impact strength is reduced by up to 30% 
when temperature decreases form    to 0  
UV 
degradation 
UV degradation is negligible 
Plastic pipe: susceptible to UV degradation 
in long-term exposure 
Adjacent 
excavation 
Less sensitive to re-excavation 
and backfilling 
Depending upon the location, 
partial exposure usually does 
not cause significant distress to 
the pipes 
Once exposed, flexible pipe must be 
backfilled and compacted with great care, 
according to the original specifications to 
restore its strength 
Partial excavation and exposure is likely to 
result in excessive deformation 
 
2.7. CHEMICAL AND BIOLOGICAL DEGRADATION 
 
In general, chemical attack can be categorized according to the following 
corrosion reactions that affect mainly to concrete: 
 Sulfate ion attack  
 Leaching  
 Acid attack  
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Electro-chemical corrosion that affects to reinforcing steel, reinforced concrete 
and corrugated steel pipe, can be categorized: 
 Chloride ion attack 
 pH reduction 
 acid attack  
 
Biological deterioration refers to material breakdown promoted by the presence 
of bacteria. It is known that many types of bacteria thrive in the interior walls of a sewer 
pipe. The mechanism of bacteria-induced corrosion is not always clear. However, this 
corrosion process can: 
 produce acids (such as sulphuric, formic and acetic acids) 
 destroy protective coatings 
 create corrosion cells (differential aeration and ion concentration cells are notable 
examples) 
 produce hydrogen sulphide (H2S) 
 concentrate anions and cations 
 oxidize metal to ions 
 
Finally, abrasion resistance is the ability of a material to withstand mechanical 
erosion, a process that tends to progressively remove material from its surface. Storm 
drain and sewer effluent usually contains grit, or other hard suspended materials, which 
constantly strike against the interior surface of the pipe. Abrasion has been identified as 
one of the most important influences on the durability of culverts (Hurd, 1986; Meacham 
et al., 1982; Bowser-Morner, 1990). Conditions affecting abrasion include: 
 concentration of solids 
 flow velocity 
 duration and frequency of maximum velocity 
 pipe diameter 
 coating   
 
Abrasion increases as the flow velocity increases, since the flow becomes more 
turbulent and the solid particles hit the pipe wall more directly and vigorously. It 
increases too with increased pipe diameter and coatings can provide certain degrees of 
protection of the pipe against the abrasive action of the carried fluid.  
 
Another point to consider is the fire resistance, because of fires and explosions in 
sewers in urban areas are not unusual. Sewer pipes are subjected to fire hazards that can 
be initiated in sewage containing industrial chemical and liquid hydrocarbons, or as a 
result of traffic accidents involving fire and gasoline spillage.  
 
To sum up, in table 2.7 and table 2.8 there is a comparison of resistance 
characteristics that affects directly to the durability of the pipes.  
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Table 2.7. Corrosion susceptibility of various pipes 
Corrosion type 
PIPE 
Reinforced-concrete Steel HDPE PVC 
Acid corrosion      (1)  
Sulphate ion corrosion      
Chloride ion corrosion       
Leaching       
Bacteria-induced corrosion      (2)  (2) 
Certain solvents     (1)  (3) 
Environmental stress 
cracking  
      
(1) HDPE pipe is stable in the presence of most acids and bases. However, it is affected by apolar solvents and chemicals, such 
as petroleum products and gasoline. Long-term exposure to low concentrations of sulphuric acid may also affect the 
properties of HDPE. 
(2) Both PVC and HDPE pipes have high resistance to bacteria attack. However, some additives in these plastic materials 
promote bacteria growth and cause biodegradation of the material. 
(3) PVC pipe has good resistance to most chemical attacks, except aromatic or chlorinated hydrocarbons, ketones and esters.  
 
Table 2.8. Physical resistance of various pipes 
Type of resistance 
PIPE 
Concrete  Steel HDPE PVC 
Abrasion resistance low low 
High, 2 and 3 times 
more resistant than 
PVC and steel pipes, 
respectively 
High 
Fire resistance high 
Most coatings 
used for 
corrosion 
protection are 
flammable 
Flammable 
Flammable 
with lower 
flammability 
rating than 
HDPE 
 
2.8. PERFORMANCE CRITERIA AND SERVICE LIFE 
 
The performance criteria of the material being considered must be established, so 
that the design basis appropriate for the application and the environment can be chosen. 
The particular application will dictate which material performance limit is critical. For 
different pipes, the design approaches, installation procedures and resistance 
characteristics are different (as discussed in the preceding sections), as well as the 
performance criteria or limits, and distress modes.  
 
Durability is one of the most important factors in selecting an appropriate pipe 
material, and service life is an indicator of pipe durability. Much attention has been 
directed toward the durability of buried pipes, but the vagaries of climate, soil and 
geology, fluid impurities, construction materials and the construction process itself have 
prevented the development of a systematic and practical theory for predicting the pipe 
durability performance.  
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2.8.1 Performance criteria  
 
The performance criteria or limits, and distress modes are different depending on 
the pipe type storm sewers and sanitary sewers. Furthermore, different organizations and 
researches have different performance criteria. There is a lack of accepted for service life, 
durability and failure, and of accepted standards in rating, inspection and maintenance. As 
a result, individual judgment plays an important part in determining the need for repair or 
replacements of existing pipes.  
 
For buried pipes, as for most structures, performance limits are directly related to 
stress, strain, deflection or buckling. It is not implied that all these parameters are 
independent, but only convenient parameters on which to focus attention. For particular 
materials, certain performance limits are not considered because others will always occur 
first. The following list of performance limits that are often considered in design and could 
be thought of as possible responses to soil pressure: 
 
 Wall crushing (stress) 
Wall crushing is the term used to describe the condition of localized yielding for a 
ductile material or cracking failure for brittle materials. This performance limit is reached 
when the in-wall stress reaches the yield stress or the ultimate stress of the pipe material. 
It is the primary performance limit or design basis for most rigid or brittle pipe products. 
This performance limit may also be reached for stiffer flexible pipes installed in highly 
compacted backfill and subjected to very deep cover. 
 
 
Figure 2.11. Wall crushing 
 
 Wall buckling 
Buckling is not a strength performance limit, but can occur because of insufficient 
stiffness. The buckling phenomenon may govern design of flexible pipes subjected to 
internal vacuum, external hydrostatic pressure, or high soil pressure in compacted soil.  
 
                 
    
   
  [ 2. 15] 
    
      
  
  [ 2. 16] 
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Figure 2.12. Localized wall buckling 
 
 Overdeflection 
Deflection is a design parameter for flexible pipes.  It is rarely, considered in the 
design of rigid pipe installations. Flexible pipes will have a deflection design limit. This 
limit is not a performance limit, but is often based on a performance limit with a safety 
factor. 
 
Not all design deflections are based on reversal of curvature. For reinforced 
concrete and steel pipes, the design deflections are based on deflection limits which 
produce substantial cracking in the wall.  
 
 
Figure 2.13. Ring deflection in a flexible pipe 
 
 Reversal of curvature (deflection) 
Reversal of curvature is a deflection phenomenon and will not occur if defection is 
controlled. Design at that time called for a limit of 5 percent deflection, thus providing a 
structural safety factor of 4.0. From this early design consideration, an arbitrary design 
value of 5 percent deflection was selected.  
 
Research at Utah State University has demonstrated that the load-carrying 
capacity of PVC sewer pipe continues to increase even when deflections increase 
substantially beyond the point of reversal of curvature. With consideration of this 
performance characteristic of PVC sewer pipe, engineers generally consider the 7,5 
percent deflection limit recommended in ASTM D 3034 to provide a very conservative 
factor of safety against structural failure. 
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Figure 2.14. Reversal of curvature due to overdeflection 
 
 Strain limits 
The strain must be limited in certain pipes materials. This limit is necessary to 
prevent strain corrosion. Strain corrosion is an environmental degradation of the pipe 
material which takes place in a finite time only after the pipe wall strain is greater than 
some threshold strain. Proper design call for the design strain to be lower that this strain 
limit with some safety factor.   
 
The strain refers to total circumferential strain. For gravity sewer pipe, the 
bending strain is largest, and other components may be small in comparison such as hoop 
strain due to internal pressure. 
 
 Longitudinal stresses 
Installation design and construction should be such that longitudinal stresses are 
minimized. Rigid pipe products and many flexible are not designed to resist high 
longitudinal stresses. It is produced by: 
 
1. Thermal expansion or contraction 
2. Longitudinal bending 
3. Poisson’s effect (due to internal pressure) 
 
 Shear loadings 
Shear loading often accompany longitudinal bending. The cause can usually be 
attributed to nonuniform bending or differential settlement. Forces can be large, highly 
variable, and localized and may not lend themselves to quantitative analysis with any 
degree of confidence. For this reason, shear force must be eliminated or minimized by 
design and proper installation.  
 
 Fatigue 
The fatigue performance limit may be a necessary consideration in gravity flow. 
Being that, some fatigue failures have been reported in forced sewer mains. Pipe materials 
will fail at a lower stress if a large number of cyclic stresses are present. Cyclic stresses 
form traffic loading are usually not a problem except in shallow depths or burial. The 
design engineer should consult the manufacturer for applications where cyclic stresses are 
the norm.  
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2.8.2 Service life 
 
The service life of concrete pipes is reported to vary in wide ranges, whereas the 
service life of plastic pipes is purely and estimated. Table 2.9 summarizes the performance 
criteria and limits for various pipes considered. 
 
Table 2.9. Performance criteria and limits of various pipes 
Type of pipe Performance criteria and limits 
Reinforced-concrete  
Collapse 
Development of laky cracks 
Wall crushing 
Joint separation 
Corrugated steel  
Collapse 
Perforation  
Buckling 
5% deflection exceeded 
Joint separation 
PVC 
Collapse 
Reversal curvature 
Buckling 
7,5% deflection exceeded 
Wall crushing 
Joint separation 
HDPE 
Collapse 
Reversal curvature 
Buckling 
5% deflection exceeded 
Wall crushing 
Joint separation 
 
2.9. SUSTAINABILITIY 
 
2.9.1 Introduction  
 
Life Cycle Thinking (LCT) and Life Cycle Assessment (LCA) are the scientific 
approaches behind modern environmental policies and business decision support related 
to Sustainable Consumption and Production (SCP). The International Reference Life Cycle 
Data System (ILCD) provides a common basis for consistent, robust and quality-assured 
life cycle data and studies. 
 
Life Cycle Assessment (LCA) is a structured, comprehensive and internationally 
standardised method. The ISO 14040 and 14044 standards provide the indispensable 
framework for LCA. It quantifies all relevant emissions and resources consumed and the 
related environmental and health impacts and resource depletion issues that are 
associated with any goods or services (“products”).  
 
LCA takes into account a product's full life cycle: from the extraction of resources, 
through production, use, and recycling, up to the disposal of remaining waste. Critically, 
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LCA studies thereby help to avoid resolving one environmental problem while creating 
others: This unwanted “shifting of burdens" is where you reduce the environmental 
impact at one point in the life cycle, only to increase it at another point. Therefore, LCA 
helps to avoid, for example, causing waste-related issues while improving production 
technologies, increasing land use or acid rain while reducing greenhouse gases, or 
increasing emissions in one country while reducing them in another. LCA is therefore a 
vital and powerful decision support tool, complementing other methods, which are equally 
necessary to help effectively and efficiently make consumption and production more 
sustainable (ILCD Handbook, 2010). 
 
2.9.2 PHASES OF THE LIFE CYCLE ASSESSMENT  
 
 
 
 
 
Figure 2.15. Phases of Life Cycle Assessment (ISO 14040) 
 
GOAL AND SCOPE 
 
The goal definition is the first phase of any Life Cycle Assessment and it is decisive 
for all the other phases of the LCA: The goal definition guides all the detailed aspects of the 
scope definition, which in turn sets the framework for conducting the LCI and LCIA. The 
quality control of the work is performed in view of the requirements that were derived 
from the goal. If the work goes beyond an LCI study, the final results of the LCA are 
evaluated and interpreted. Also this is to be done in close relation to the goal of the work. 
 
Another important decision in the first phase is the functional unit (Fu). One of the 
primary purposes of a functional unit is to provide a reference to which the input and 
output data are normalized (in a mathematical sense). The comparisons between systems 
shall be made on the basis of the same function, quantified by the same functional unit in 
the form of their reference flows.  
 
A clear, initial goal definition is hence essential for a correct later interpretation of 
the results. This includes ensuring as far as possible that the deliverables of the LCI/LCA 
study cannot unintentionally and erroneously be used or interpreted beyond the initial 
goal and scope for which it was carried out. 
 
Moreover, the existence of allocation phenomena must be analyzed, since there 
will be a conflict in the distribution of impacts when a multifunctional process performs 
on or more functions in the life cycle of the product analyzed and a different function or 
group of functions in another product (Ekvall et al., 2000). 
Scope definition 
Goal definition 
Impact assessment 
Inventory analysis 
 
 
 
 
Interpretation 
 
Life Cycle Assessment framework 
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During the scope definition phase the object of the study is identified and defined 
in detail. This shall be done in line with the goal definition. Next and main part of the scope 
definition is to derive the requirements on methodology, quality, reporting and review in 
accordance with the goal of the study, which is based on the reasons for the study, the 
decision-context, the intended applications, and the addressees of the results (ILCD 
Handbook, 2010). 
 
The system boundary, which must also be set, defines which parts of the life cycle 
and which processes belong to the analyzed system. Figure 2.16 shows the types of system 
boundary and each type fulfils a specific function as module for use in other LCA studies. 
 
In this point, in order to ensure the quality of the results, all assumptions shall be 
made in a consistent way for the different parts of the analysed system. During scope 
definition and in the later inventory and impact assessment phases, efforts must be made 
to ensure a high degree of consistency regarding all important methodological and data 
aspects of the LCA and for all relevantly contributing processes of the system. The actually 
achieved consistency is to be checked as part of the evaluation step in the interpretation 
phase and is to be considered in drawing conclusions and recommendations and in 
communication. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16. Cradle to grave, candle to gate and gate to gate data sets as parts of the complete life 
cycle (ILCD Handbook, 2010) 
 
At the end, 2 different types of LCA can be defined (ILCD Handbook, 2010): 
 
 Attributional modelling depicts the system as it can be observed/measured, 
linking the single processes within the technosphere along the flow of matter, 
energy and services. 
 
 Consequential modelling framework aims at identifying the consequences of a 
decision in the foreground system on other processes and systems of the economy 
and builds the to-be-analysed system around these consequences. 
 
INVENTORY ANALYSIS 
 
The inventory phase involves the collection of the required data such as: 
elementary flows (resources and emissions), product flows (goods and services) and 
waste flows (both wastewater and solid/liquid wasters that need to be linked with waste 
 
Assembly  
 
Retail 
 
Use 
 
End-of-life 
management  
Material 
and part  
production 
 
Extraction 
Company A  Company B  Company C  
GATE TO GATE  
CRADLE TO GATE (B) 
CRADLE TO GRAVE 
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management processes to ensure a complete modelling of the related efforts and 
environmental impacts).  
 
There are two types of data: primary data (foreground) and secondary data 
(background) (ILCD Handbook, 2010).  
 
 Primary data sources are the producers of goods and operators of processes and 
services, as well as their associations. 
 
 Secondary data sources are generic and can be found in the literature. They 
constitute a phase in which the specific values of a variable are unknown and 
therefore databases or statistical data must be used in order to give an 
approximate value for the variable (e.g. the average energy consumption of a 
sector for a given region). 
 
IMPACT ASSESSMENT 
 
In this phase, the impacts related to each of the elements considered are obtained, 
for example, emissions of CO2 equivalent. It consists of 4 steps (ILCD Handbook, 2010):  
 
 Classification  
First of all, the inputs and outputs are associated with one or more impact 
categories. For instance, CO2 fits in the impact category “Global Warming Potential” 
according to the CML IA method (Guinée et al., 2002). The selection of impact categories 
must be comprehensive in the sense that they cover all relevant environmental issues 
related to the system analysed. However, the goal of the study can set a limitation, given 
that carbon footprint studies only make use of Climate change relevant interventions. The 
initial exclusion of relevant impacts shall be clearly documented and considered in the 
interpretation of the results, potentially limiting conclusions and recommendations of the 
study. 
 
 Characterization  
Once the flows have been classified, it is necessary to define characterization 
factors, which should reflect the relative contribution of each result in the impact category. 
Methane (CH4), for instance, has a Global Warming Potential of 25 kg CO2 eq./kg of CH4 
according to the Intergovernmental Panel on Climate Change (IPCC) (Solomon et al., 
2007). 
 
 Normalisation 
Normalised LCIA results give for each impact topic on midpoint level (e.g. Climate 
change, Eutrophication, etc.) or area of protection on endpoint level (e.g. Human health, 
Natural environment, Natural resources) the relative share of the impact of the analysed 
system in the total impact of this category per average citizen or globally, per country, etc 
(see figure 2.17). When displaying the normalised LCIA results of the different impact 
topics next to each other, it can hence be seen to which impact topics the analysed system 
contributes relatively more and to which less. 
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The normalised results are obtained by dividing the LCIA results by the 
normalisation basis, separately for each impact category (for midpoint level related 
approaches) or area of protection (for endpoint level related approaches).  
 
 Weighting  
Weighting involves assigning distinct quantitative weights to all impact categories 
expressing their relative importance. If needed for the interpretation, and if in accordance 
with the goal of the LCI/LCA study, a weighting of the normalised indicator results may be 
performed. 
Also to implement the cut-off criteria, the use of weighted and normalised LCIA 
results is used. Hence for this purpose, weighting is a required step under the ILCD for all 
kinds of deliverables of the LCI/LCA study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17. Life cycle impact assessment. Schematic steps from inventory to category endpoints 
 (ILCD Handbook, 2010) 
 
INTERPRETATION  
 
Integrating the outcome of the other elements of the interpretation phase, and 
drawing on the main findings from the earlier phases of the LCA, the final element of the 
interpretation is to draw conclusions and identify limitations of the LCA, and to develop 
recommendations for the intended audience in accordance with the goal definition and the 
intended applications of the results. 
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CHAPTER 3 
MECHANICAL DESIGN OF BURIED PIPES 
 
 
 
 
 
 
 
3.1. INTRODUCTION 
 
The aim of this chapter is to briefly introduce the methodology used to obtain the 
parameters of the mechanical design of buried pipes that will be later analysed in chapter 
4. A description of the process to be followed to find loads that affect the pipe, as well as 
the verifications with only the main equations.  
 
In order to obtain the aforementioned parameters the standards UNE 53331 IN 
and UNE-EN 1916:2003 were used for flexible and rigid pipes respectively. Further details 
regarding the contents of those standards are presented in the Appendix A and B.  
 
3.2. DESIGN FLEXIBLE PIPES 
 
3.2.1 Inputs  
 
In order to determine the actions is necessary to define some inputs such as the 
features of the pipe, the features of the installation and the vertical overloading. All these 
inputs must be determined in the first step of the process. 
 
 Features of the pipes 
 
To define the stresses is necessary to know: 
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- Unit weight, in kN/m3. For the purpose of doing the calculus the most used values 
are: 14.6 kN/m3 for PVC and 9.6 kN/m3 for PE.  
 
- Nominal diameter (outside diameter), Dn, in meters. 
- Pipe wall thickness, e, in meters.   
- Inside diameter,         , in meters. 
- Modulus of elasticity, Et, in N/mm2. (Use values of Table A.1). 
 
 Features of the installation 
 
To determinate the pressure of the soil it is necessary to know: 
 
- Trench geometry:  
The pipe could be installed in a trench, in an embankment, or two pipes in a 
trench. 
 
- Bedding and backfilling:  
There are two types of beddings, type A (consists in granular bedding where the 
pipe rests) and type B (the pipe rests on the native soil). The requirements of the 
backfill such as modulus of elasticity, compaction, etc. are needed. 
 
 Vertical overloading  
 
To calculate the soil load (qv) is necessary to know:  
 
- The soil unit weight, γ, in kN/m3. (see section 3.3.2) 
- Soil friction angle with the trench wall, ρ’, in degrees. (see table A.2) 
- Coefficient of lateral thrust of the backfill, K₁ and K₂.(see table A.3) 
- Soil modulus compression in different places of the trench, E₁, E₂, E₃, E₄, in N/mm2, 
(see table A.4) 
 
3.2.2 Actions  
 
Secondly, it is possible to determine the actions with all these conditions. If there is 
some pavement over the backfill is necessary to determine the equivalent height of land 
with the equation [3.1], and use it instead of height during traffic load calculations.   
 
The actions that affect the pipe are vertical pressure and backfill pressure. Vertical 
pressure is divided in two: the actions caused by the soil, (are calculated according to the 
equation [3.2]), and the overloads that can be caused either by the wheels of traffic, 
(calculated with equation [3.6]) or by supply materials and vehicles chain (equation 
[3.13]).  
     
   
   
        
        
     [ 3. 1 ] 
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 Vertical pressure of the soil (qv) 
 
           is determinate by this equations: 
 
 
 
 The rest of the parameters to obtain the vertical pressure of the soil are defined in 
Appendix A, section 4.1.  
 
 Traffic load (Pvc) – Concentrated overloading 
 
For the case of two-axles lorries: 
 
For the case of three-axles lorries: 
 
            
 
[ 3. 2 ] 
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[ 3. 4 ] 
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[ 3. 6 ] 
Pc is in (table A.5). 
  is in (table A.6).  
   
 
  
 
 
    
              
  
     
  
 
   
  
 
  
 
 
  
   
 
  
    
 
          is calculated in radians and from 0 to      
Could be    or   , it depends on the trench conditions, if there are some 
pavement over it used  e  instead of  .   
 
[ 3. 7 ] 
 
              [ 3. 8 ] 
          [ 3. 9 ] 
            [ 3. 10 ] 
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                                           [ 3. 12 ] 
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If the loads are equal for each axle, these equations [3.11] and [3.12] are 
acceptable, on the contrary if the loads are unequal, it is necessary to use a relation 
between the loads that multiply in the last two terms of equations [3.11] and [3.12]. 
 
 Distributed overloading (Pvr) 
 
 
 Backfill pressure or horizontal pressure (qh) 
 
Once determined the vertical pressure, the backfill pressure must be assessed. This 
lateral pressure helps to resist the loads and can be calculated by means of the following 
equations [3.14] and [3.15]. 
 
3.2.3 Verifications  
 
Finally, once the actions are defined it is necessary to determine the moment 
(equation [3.16]) and the axial forces (equation [3.17]) in order to calculate the maximum 
shear (stresses [3.18]) and carry out the breaking and squashing verifications that could 
be caused by soil and water equations by means of the equation [3.19] and [3.20] 
respectively. 
 
            
 
   is in the (figure A.10). 
[ 3. 13 ] 
 
      ₂         [ 3. 14 ]  
              [ 3. 15 ] 
                          [ 3. 16 ] 
                          [ 3. 17 ] 
Moment and axial coefficients in table A.9  
  
 
 
 
     
 
      [ 3. 18 ] 
  
  
 
 [ 3. 19 ] 
The design value of shear stress    is in table A.10  
 ₃  
 
   
        
 
  
       
    [ 3. 20 ] 
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If there is only soil pressure without water, then the squashing equation [3.20] is 
reduced because the term of subterranean water (         ) disappears. The verification 
of squashing and breaking consists of comparing those parameters ( ) and ( ₃) with the 
values of the table A.11 and table A.12.  
 
In order to choose the comparing value (table A.11 and A.12), it is necessary to 
decide the security class. Depending on the failure probability that is wanted to accept, 
this value could change. There are two types of security:  
 
- Class A, which is the normal case with a smaller probability of failure (Pf =     ). 
This class requires that ( ) and ( ₃) shouldn’t be smaller than 2,5.  
 
- Class B, which is the special case with better boundary conditions and probably of 
failure (Pf =     ). This class requires that ( ) and ( ₃) shouldn’t be smaller than 
2,0. 
 
Moreover, it is necessary to check the pipe deflection by comparing the result of 
the equation [3.22] with the limit value 5%.   
 
Figure 3.1 shows all inputs that are important to define, which actions are 
necessary and finally, which are the parameters that are required in order to do the 
verifications. The features of the inputs such as nominal diameter, trench geometry and 
others allow to obtain the actions. With vertical pressures and backfill pressure caused by 
the interaction of the system (soil-pipe) it can be calculated the verification parameters of 
deformation (δv), breaking ( ) and squashing( ₃).    
 
3.2.4 Flexible pipes classification  
 
To classify the different depending on the thickness of the pipe, series (S) for PVC 
pipes and Standard Dimension Ratio (SDR) for PE pipes are used. Using the following 
equations are calculated.  
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Figure 3.1. Flowchart of flexible pipes 
 
 
 
Features of the pipe 
 Unit weight (kN/m3) 
  Nominal diameter,  
Dn (m) 
 Wall thickness, e (m) 
 Modulus of elasticity, 
Et (N/mm2) 
 
Features of the installation 
 Trench geometry  
 Features of the bedding 
and projection  
relationship 
 Features of the ground 
- Type of soil 
- Backfill unit weight 
- Soil friction angle with 
the trench wall 
 
Vertical overloading 
 Concentrated 
overloading (traffic) 
 Distributed 
overloading 
 Equivalent height of 
land (it there is some 
pavement over the 
backfill) eq.[3.1] 
Vertical pressure 
Of the soil 
eq.[3.2] 
Of overloading: 
 Concentrated eq.[3.6] 
 Distributed eq.[3.13] 
Backfill pressure (qh) 
 
Of the soil 
eq.[3.14]and [3.15] 
Deflection  
 
∆Dv eq.[3.21] 
 
δv ≤ 5% eq.[3.22] 
 
Loads  
Axial (N) 
Moments (M) 
Maximum shear stresses (σ) eq.[3.18] 
Breaking (ν) [3.19] 
 
Squashing ( ₁,  ₂) [3.20] 
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3.3. DESIGN RIGID PIPES  
 
As well as in flexible pipes, it is necessary to define some initial features of the 
installation such as features of the ground and the trench geometry, it is essential to 
decide if a trench or an embankment will be used. Once defined the main characteristics, it 
can be possible to calculate the vertical loading caused by soil, traffic and other loads.  
 
To determine the different loads involved in the design process, the following equations 
must be used: for the soil loads (equation [3.17]), traffic loads it depends on the tonnes 
and number of axles, and the other loads can be concentrated [3.18], distributed [3.19] or 
due to compaction [3.20].  
 
The parameters of the following equations [3.17], [3.18], [3.19] and [3.20] have the 
same meaning as in the flexible pipes, to calculate (  ) is used the equation [3.3] or [3.4] 
(section 3.2.2).    
 
 
The next step is to determine the minimum load factor (see section 2.5). This is the 
one of the most important parameter in rigid pipes. The table 3.1 shows the different 
possible load factors depending on the material of the bedding.  
 
All these types of trenches instead of (Fa=1.1) have a 10 cm clean concrete under 
the bedding. The bedding concrete has to have minimum fck = 10 N/mm2 and between the 
invert of the pipe and the clean concrete there is C = 15 cm (see table 3.1).  
 
Finally, with the total load it is necessary to find the strength class. There are two 
classifications; on one hand European normative classifies the strength class in four, class 
60, 90, 135 and 180. On the other hand, ASTM normative classifies in five, class I, II, III, IV, 
V. Using to define it, the breaking load in the first classification and the fissuring load in the 
second. In order to calculate those loads (breaking and fissuring), it is mainly required to 
use the total load and the load factor. It is specificity in the following equations [3.21] and 
[3.22]. The breaking loads are calculated by ULS (Ultimate Limit State) for this reason 
there is a magnification factor. The fissuring loads are calculated by SLS (Service Limit 
State) and they are unfactored.  
            [ 3. 17 ]  
  
            
     
    
 [ 3. 18 ] 
        
 
     
  [ 3. 19 ]  
         [ 3. 20 ] 
                      
          
     
 [ 3. 21 ]  
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The last step is comparing the breaking loads with the normative interval and 
assigns a strength class. Depending on the class the pipe will be reinforced concrete or 
only massive concrete. The quantity of steel it depends on the loads that is going to resist 
look it in (table 3.2).  
 
Figure 3.2 shows all inputs that are important to define as the features of the 
installation and the vertical loading. Then with the external and soil loads it is necessary to 
determine the minimum support factor. Finally, with the loads and the load factor it can be 
deduced the strength class which with the diameter give the steel of the reinforced 
concrete that is necessary for resist.  
 
Table 3.1. Load factor, Fa 
Load factor 
(Fa) 
Bedding Backfill       Geometry 
4.0 Concrete Backfill (95% P.N)  
 
 
 
 
 
 
 
3.0 
 
Concrete 
 
Backfill (0% P.N) 
1.9  Backfill (95% P.N) Backfill (0% P.N) 
2.8 Concrete Backfill (95% P.N) 
 
2.2 
 
Concrete 
 
Backfill (0% P.N) 
2.3 Concrete  Backfill (95% P.N)  
2.0 Concrete  Backfill (0% P.N) 
1.7 Granular (95% P.N) Backfill (95% P.N) 
 
1.5 Granular (95% P.N) Backfill (0% P.N) 
2.1 Granular (95% P.N)  
1.1 Backfill (0% P.N) 
 
 
 
 
 
 
 
    
 
                       
      
     
 [ 3. 22 ] 
≥ 30cm 
1/2 De 
C 
Backfill 
Bedding 
≥ 30cm 
1/4 De 
C 
Backfill 
Bedding 
≥ 30cm 
1/6 De 
C 
Backfill 
Bedding 
Backfill 
≥ hr/8 
>15cm 
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Table 3.2. Steel of the reinforced concrete (cm2/m) 
ID 
(mm) 
Class 60 Class 90 Class 135 Class 180 
Minimum fck = 30 N/mm2 Minimum fck = 40 N/mm2 
Thickness B Thickness B Thickness C Thickness B Thickness C Thickness B Thickness C 
In Out In Out In Out In Out In Out In Out In Out 
300 - - 2.0 - 2.0 - 2.0 - 2.0 - 2.1 - 2.0 - 
500 - - 2.0 - 2.0 - 3.3 - 2.0 - 4.3 - 2.1 - 
1000 2.3 2.0 3.7 2.3 2.1 2.0 6.2 3.7 3.3 2.2 9.5 5.7 5.4 3.3 
 
3.4. HYDRAULIC CALCULATION 
 
The main objective of the hydraulic calculation is to determine the diameter of the 
pipe. Decide which flow will go through the pipe is not a simple question, for this reason 
there are many possible solutions. Therefore, it becomes an optimization problem which 
involves not only basic conditions as flow but also speed design and pressure drop.  
 
In order to realize a complete design is necessary to calculate the flow and use the 
speed design and the pressure drop. The basic equations that rule over the flow are the 
conservation [3.23], [3.24] and the Bernouilli’s equation [3.25], [3.26]. 
So as to calculate the flow it could be possible to use different equations such as 
Darcy-Weisbach, Colebrook-White or Blasius that are rational equations or the empirical 
equations like Manning (1890), Bazin (1897), Hazen-Williams (1920) among others. 
Calculated the flow with Manning equation [3.27] is the most used (CEDEX, 2007).    
 
Where the pressure drop, J, is usually taken 5‰ in gravity pipes. Manning 
coefficient is an empirically derived coefficient, which is dependent on many factors 
including roughness or sinuosity. For concrete and PVC pipes it can find different values 
presented in (table 3.3). 
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Figure 3.2. Flowchart of rigid pipes 
 
 
 
 
Features of the installation 
 Trench geometry  
 Features of the ground 
- Type of soil 
- Backfill unit weight 
- Soil friction angle with the 
trench wall 
 
Vertical loading 
 Soil loads  eq.[3.17] 
 Traffic loads  
 Other loads 
- Concentrated  eq.[3.18] 
- Distributed eq.[3.19] 
- Due to compaction eq.[3.20] 
 
With concrete  With granular material  
 
Directly over the trench  
 
Fa = 4.0 
Fa = 3.0 
Fa = 2.8 
Fa = 2.2 
Fa = 2.3 
Fa = 2.0 
  
 
Fa = 2.1 
Fa = 1.9 
Fa = 1.7 
Fa = 1.5 
 
 
Fa = 1.1 
 
Breaking load eq.[3.21] 
If: 
breaking load is ≤ 60→ CLASS 60 
60 < breaking load ≤ 90→ CLASS 90 
90 < breaking load ≤ 135→ CLASS 135 
135< breaking load ≤ 180→ CLASS 180 
 
Fissuring load eq.[3.22] 
If: 
 Fissuring load is ≤ 40→CLASS I 
40 < breaking load ≤ 50→ CLASS II 
50 < breaking load ≤ 65→ CLASS III 
65 < breaking load ≤ 100→ CLASS IV 
100 < breaking load ≤ 140→ CLASS V 
Concrete Reinforced concrete 
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Table 3.3. Manning coefficient (CEDEX, 2007) 
Source 
Material 
Concrete PVC 
Twort, Ratnayaka and Brandt, 2000 0.010 ~ 0.016 0.008 ~ 0.010 
 
3.4.1 Speed   
 
In order to ensure the proper functioning of the pipe it must be necessary to 
control the speed of the fluid. On one hand, it is essential to claim a minimum speed to 
avoid problems of some accumulation of sediments. The minimum speed recommended 
by all literature is 0.6 m/s (IETCC, 2007).      
 
Moreover, is necessary to fix a maximum speed so as to ensure that the pipe is not 
going to erosion. The maximum speed depends on the material of the pipe. Speeds are 
specified in (table 3.4).  
 
Table 3.4. Maximum speed 
Pipe material Maximum speed, (m/s) 
Concrete  3.0 
Reinforced concrete  3.5 
Poly(vinyl chloride) PVC 5.0 
High density polyethylene PE 5.0 
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CHAPTER 4 
PARAMETRIC STUDY  
 
 
 
 
 
 
 
4.1. INTRODUCTION 
 
The aim of this chapter is to present the results of a representative study involving 
the different parameters that affect the design of flexible and rigid pipes.  
 
To study different cases, the first point consists of fixing the diameters to be 
started. Those which are most common in cities or a representative part of the commercial 
list.  Finally, the study has been done with three diameters 300, 500 and 1000 mm. Since 
rigid and flexible pipes are not measured in a same way, (for flexible pipes it is used OD 
(outside diameter) and for rigid ID (inside diameter)). It was necessary to make an 
interpolation between two commercial PVC diameters to find the thicknesses of 300 mm 
because it doesn’t exist in the normalized diameters of the UNE.  
 
The second step, as shown before in chapter 3, was to decide the main 
requirements. These are the initial characteristics (inputs) of the trench. The main 
features of Case A, Case B and Case C are defined in figure 4.1, for flexible and rigid pipes. A 
heavy traffic with 60 Tn and three axles has been considered in all cases.     
 
Table 4.1. Pavement  
 Layer 1 (cm) Ef1(N/mm2) Layer 2 (cm) Ef2 (N/mm2) 
Case A 4 (asphalt)  13000 15 (concrete slab) 25000 
Case B 10 (asphalt)  13000 20 (compacted gravel) 500 
Case C 4 (asphalt)  13000 15 (concrete slab) 25000 
Ef  (compression modulus) 
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FLEXIBLE RIGID 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Case C 
Figure 4.1.Trench requirements 
Backfill (B.LL) 
Granular (95% P.N) 
Backfill (95% P.N) 
Backfill (0% P.N) 
 
Asphalt  
(10cm) 
 Compacted gravel 
(20cm) 
clean concrete 
 
H=1 m 
Asphalt  
(10cm) 
 Compacted gravel 
(20cm) 
clean concrete 
 
Slab concrete 
(15cm) 
Asphalt  
(4cm) 
 
H=1 m 
Backfill (B.LL) 
Granular (95% P.N) 
Backfill (95% P.N) 
Backfill (0% P.N) 
 
Bedding 
Concrete  
Granular (95% P.N) 
Backfill (95% P.N) 
Backfill (0% P.N) 
 
Poor concrete 
(10cm) 
Native soil (N.S) 
 
 
≥30cm ≥30cm 
 
ID 
B 
H=1 m 
Native soil (N.S) 
Soil group 1 
Soil group 2 
Soil group 3 
Soil group 4 
 
Backfill (B.LL) 
Soil group 1 
Soil group 2 
Soil group 3 
Soil group 4 
 
¼ OD ¼ OD 
H=1 m 
OD 
B 
Slab concrete 
(15cm) 
clean concrete 
 
Asphalt  
(4cm) 
 
H=1 m 
Bedding  
Concrete  
Granular (95% P.N) 
Backfill (95% P.N) 
Backfill (0% P.N) 
 
Poor concrete 
(10cm) 
Native soil (N.S) 
 
 
≥30cm ≥30cm 
 
ID 
B 
H=1 m 
Native soil (N.S) 
Soil group 1 
Soil group 2 
Soil group 3 
Soil group 4 
 
Backfill  (B.LL) 
Soil group 1 
Soil group 2 
Soil group 3 
Soil group 4 
 
¼ OD ¼OD 
H=1 m 
OD 
B 
H=1 m 
Slab concrete 
(15cm) 
Asphalt  
(4cm) 
 
H=1  
Backfill (B.LL) 
Granular (95% P.N) 
Backfill (95% P.N) 
Backfill (0% P.N) 
 
Bedding 
Concrete  
Granular (95% P.N) 
Backfill (95% P.N) 
Backfill (0% P.N) 
 
Poor concrete 
(10cm) 
Native soil (N.S) 
 
 
≥30cm ≥30cm 
 
ID 
B 
H=0,5 -1,25 - 2,0 m 
Slab concrete 
(15cm) 
clean concrete 
 
Asphalt  
(4cm) 
 
Native soil (N.S) 
Soil group 1 
Soil group 2 
Soil group 3 
Soil group 4 
 
Backfill (B.LL) 
Soil group 1 
Soil group 2 
Soil group 3 
Soil group 4 
 
H = 0,5 – 1 – 2  m 
B 
¼ OD ¼ OD OD 
H=0,5 -1,25 - 2,0 m 
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4.2. FLEXIBLE PIPES 
 
 Table 4.2 shows the combinations of the main parameters and presents the 
thickness of each diameter as well as the class associated. In order to perceive the 
importance of the soil density, the extreme cases (85% and 100%) of Proctor compression 
that are considered by the UNE 53331 IN were studied. It is considered also the soil 
friction angle with the trench wall, if ρ' = ρ then the trench is compacted by layers whilst 
when ρ' = 0, then the backfill is not compacted. Finally, it is only missing the different 
combinations of backfill and native soil. Different types of native soil that can be classified 
in 4 groups, as well as the backfill have been considered. The characteristics of each group 
are specified in Appendix A, section 4.3.1. Types of soil. 
 
Table 4.2. Cases of flexible pipes 
Cases A and B 
OD  
(mm) 
Thickness, 
e (mm) 
Series  Proctor N 
Soil friction 
angle 
Backfill Native soil 
300 
7.60 S20.0 
85%; 100% ρ' = ρ; ρ' = 0 
Group 
1,2,3,4 
Group 
1,2,3,4 
9.56 S16.0 
11.92 S12.5 
14.79 S10.0 
18.43 S8.0 
22.86 S6.3 
500 
12.30 S20.0 
85%; 100% ρ' = ρ; ρ' = 0 
Group 
1,2,3,4 
Group 
1,2,3,4 
15.30 S16.0 
19.10 S12.5 
23.90 S10.0 
29.70 S8.0 
36.80 S6.3 
1000 
24.50 S20.0 
85%; 100% ρ' = ρ; ρ' = 0 
Group 
1,2,3,4 
Group 
1,2,3,4 30.60 S16.0 
Case C 
OD 
(mm) 
Thickness, 
e (mm) 
Series 
Height 
(m) 
Proctor N 
Soil 
friction 
angle 
Backfill 
Native 
soil 
500 
12.3 S20.0 0.50 
85%; 
100% 
ρ' = ρ;  
    ρ' = 0 
Group 
1,2,3,4 
Group 
1,2,3,4 
19.1 S12.5 1.25 
36.8 S5.0 2.00 
 
For each thickness there are 4 cases combining Proctor and Soil friction angle, and 
every case has 16 possible combinations backfill-native soil. In conclusion, there are 64 
cases for each thickness.  
 
On the other hand, to observe the effect of the soil cover, the diameter 500 mm and 
some wall thickness were selected to study this effect. In this case (Case C), the soil cover 
has been ranged as 0.50 m, 1.25 m or 2.00 m. And the study cases were 12 wherein height, 
proctor and soil friction angle for each thickness and 16 combinations backfill-native soil 
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were taken into account. To sum up, 192 cases for each thickness were analyzed in this 
study.  
  
4.2.1 Deflection (δ)  
 
Deflection is a parameter which depends directly on the external loads that arrive 
to the pipe. In order to determine the sensitivity of the deflection (δ), which should be less 
than 5%, the influence of the main parameters are studied. This depends on the thickness 
of the pipe (e), the compaction (P.N), the native soil and the backfill.  
 
CASE A 
 
To begin with, the type of backfill and then the native soil are fixed. To study how 
influence the native soil, backfill and the compaction in the deflection of different 
thickness. In order to avoid repetitions, given that the tendencies of deflection are similar 
in the other diameters, the graphs are only for the intermediate diameter 500 mm (see 
table 4.1). The results are grouped into four graphs (see figure 4.2).   
 
B.LL = Group 1 
  
N.S = Group 1 
  
Figure 4.2. Influence of native soil for the pipe (OD=500 mm): a) PN = 85% and backfill = 1; 
 b) PN = 85% and native soil = 1; c) PN = 100% and backfill = 1; d) PN = 100% and native soil = 1 
 
 From the graphs of the figure 4.2 it can be deduced that: 
 
 If the soil is compacted with P.N = 85% then the influence of both Groups (native 
soil and backfill) and the soil friction angle play an important role in the deflection 
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c) d) 
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of the pipe. Whereas, if the soil is compacted with P.N = 100% then the influence is 
reduced especially when the native soil is Group 1. However, it should be noted 
that for both compactions, when the thickness increases the variable parameters 
lose the influence.  
 
 Comparing figure 4.2.a and 4.2.c, it can be deduced that with a poor compaction 
(P.N = 85%), the Group of native soil is significant and the backfill should be Group 
1 to avoid large deflections.     
 
On the other hand, the deflection combining the native soil and the backfill are 
compared (see figure 4.3). In the first column is fixed the Group 1 for backfill, however, in 
the second column the fixed Group 1 is for native soil. 
 
It can be seen in figure 4.3 as already seen previously (figure 4.2), if the soil is 
compacted with P.N = 100% then the influence of the backfill and the native soil is 
approximately equal in all cases. So it can be concluded that with a thorough compaction it 
is not necessary to take care of the soil that it is found in the place where the trench has to 
be installed. Whereas if it is not compacted up to a high compaction grade of the soil (P.N ≤ 
85%) or the native soil is not well compacted, then the influence is important and it has to 
choose the backfill carefully. 
 
4.2.2 Influence of the pavement  
 
In this part, it is compared the deflection and the traffic loads when the stiffness of 
pavements is different, Case A stiffer than Case B. It is only studied the diameter 300 mm 
since the others have the same tendency and the extremes Group 1 and Group 4. 
 
 On the deflection (δ) 
 
The external loads that arrive to the pipe are influenced by the pavement as it can 
see in figure 4.4. If the pipe is under large pavement layer the larger the thickness of the 
pavement is the greater the reduction of stresses is expected. The external loads that 
arrive to the pipe are less because the distribution of the external loads is bigger than if 
the pipe is under a thin and flexible layer.   
 
Using these scenario cases (A and B, see table 4.1) and diameter 300 mm. It can be 
deduced from figure 4.4 that if the soil is compacted with P.N = 100% then the deflection is 
similar in both cases and combining all Groups of soil. However, if the soil is compacted 
with P.N = 85% then the difference of deflection between Case A and Case B is bigger and 
it decreases with thickness increasing. 
 
Another highlight is the fact that, the compaction methodology is an important 
item, especially if the soil is poor as shown in the figure 4.4.c and figure 4.4.d that in both 
cases A and B the percentage of deflection, if it is compacted by layers (ρ' = ρ) or not (ρ' = 
0), increases around 1%.  
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B.LL = Group 1  N.S = Group 1 
 
  
 
 
 
 
Figure 4.3. Influence of native soil and backfill (OD=500 mm): a) native soil = 1, backfill = 1;  
b) native soil = 2, backfill = 1; c) native soil = 1, backfill = 2; d) native soil = 3, backfill = 1;  
e) native soil = 1, backfill = 3; f) native soil = 4, backfill = 1; g) native soil = 1, backfill = 4  
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B.LL = Group 1  and  N.S = Group 1 
  
B.LL = Group 4  and  N.S = Group 4 
  
Figure 4.4. Influence of the pavement (OD=300 mm): a) native soil = 1, backfill = 1 and ρ' = ρ; b) native 
soil = 1, backfill = 1 and ρ' = 0; c) native soil = 4, backfill =4 and ρ' = ρ; d) native soil = 4, backfill = 4 
and ρ' = 0  
 
 On the traffic load (Pvc) 
 
As stated above in the section of deflection, the loads that arrive to the pipe depend 
mainly on the pavement because it modifies the equivalent height, He (see equation [3.1]). 
In figure 4.5 the traffic load caused by 60 Tn with 3 axles are represented.  
 
  
Figure 4.5. Influence of the pavement (OD=300 mm): a) native soil = 1, backfill = 1 and (ρ' = ρ, ρ' = 0); 
 b) native soil = 4, backfill = 4 and (ρ' = ρ, ρ' = 0) 
 
In Case B the traffic load that arrives to the pipe is always higher than in Case A. It 
can be deduced from the figure 4.5 that the traffic load increases with high quality 
material and high compaction. This phenomenon is unexpected and in more detail will be 
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examined below. The difference is around 5 kN/m2 in both cases, comparing figure 4.5.a 
and figure 4.5.b and between Case A and Case B with the same compaction (P.N) there is a 
difference around 4 kN/m2.   
 
To examine the effect of the influence of compaction and the quality of the backfill 
in the traffic load that arrive to the pipe. The different equations used in the calculation 
will be analysed. For traffic loads used the equation [3.6] and it depends on the coefficient 
of concentrated loads (Cc) equation [3.7]. The equivalent height depends on the Modulus 
of compression (Es) of the backfill and the coefficient of concentrated (Cc) change with the 
backfill group because it depends on the equivalent height, He. In order to see the effect of 
changing the backfill group and therefore of the Modulus of compression, in table 4.3 it 
represents an evolution of equivalent height (He) and the coefficient of concentrated loads 
(Cc) changing the backfill Group. To calculate this equivalent height it has been used 
pavement conditions of Case A.      
 
Table 4.3. Influence of the backfill in traffic loads (Pvc) 
Backfill 
(B.LL) 
P.N = 100%  P.N = 85%  
Es 
(N/mm2) 
He (m) Cc (-) 
Pvc 
(kN/m2) 
Es 
(N/mm2) 
He (m) Cc (-) 
Pvc 
(kN/m2) 
1 40 2.40 0.2009 24.1110 2.5 4.53 0.0977 11.7204 
2 20 2.77 0.1760 21.1185 1.2 5.51 0.0731 8.7756 
3 14 2.99 0.1627 19.5188 0.8 6.16 0.0612 7.3460 
4 10 3.23 0.1499 17.9829 0.6 6.68 0.0536 6.4287 
 
To check the correct tendency of the equation [3.7] it is going to compare the 
values with calculation of traffic load according to German Standards (ATV A127, DIN 
1072, DIN 4033). The formulation as follows is presented to realise the calculations.  
 
Guidelines of the German Standard ATV A127 single out three types of standard 
loads are evaluation of load carrying capacity of pipelines exposed to traffic loads. These 
are: 
 
- SLW 60 – standard vehicle with gross vehicle weight of 600  kN and wheel load of 
100 kN 
 
- SLW 30 – standard vehicle with gross vehicle weight of 300  kN and wheel load of 
50 kN 
 
- SLW 60 – standard vehicle with gross vehicle weight of 120  kN and front wheel 
load of 20 kN and rear wheel load of 40 kN 
 
Load acting on the top of pipe and caused by particular type of standard vehicle 
can be calculated using the following formulas:   
 
            [ 4. 1 ] 
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  – Dynamic coefficient accidental to DIN 4033 (table 4.5) 
       and       
 
Table 4.4. Coefficients used in calculations of traffic generated load (UNE 53331 IN) 
Type of load FA (kN) FE (kN) rA (m) rE (m) 
SLW 60 100 500 0.25 1.82 
SLW 30 50 250 0.18 1.82 
LKW 12 40 80 0.18 2.26 
 
Table 4.5.  – Dynamic coefficient accidental (DIN 4033) 
Type of load   
SLW 60 1.2 
SLW 30 1.4 
LKW 12 1.5 
 
Some calculations which have been done using the UNE 53331 IN were presented 
also in table 4.3 and in order to compare the same cases are calculated with the German 
Standard ATV A127. This verifies that is not the calculation formula of traffic loads [3.7] 
that arrive to the pipe which offers an unexpected result.  
 
The equivalent height using the UNE 53331 IN was calculated. Finally both 
equations are used to find the following results (see table 4.6). All the calculations with the 
type of load SLW 60 are done.  
 
Table 4.6. Traffic loads using different standards (Pvc) 
 
PN = 85% PN = 100% 
Backfill (B.LL) 1 2 3 4 1 2 3 4 
He (m) 4.53 5.51 6.16 6.68 2.40 2.77 2.99 3.23 
Pvc (kN/m2) (UNE) 11.72 8.77 7.35 6.43 24.11 21.12 19.52 17.98 
Pvc (kN/m2) (ATV) 12.38 9.16 7.62 6.64 25.69 22.62 20.91 19.26 
 
As the results, both equations [3.7] and [4.1] follow the same tendency. Thus, with 
poor compaction and soil group the traffic load that arrives to the pipe is smaller and this 
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is not suitable. For this reason, further research about it will be necessary to determine 
which parameters influence in these unexpected results. 
 
4.2.3 Shear stress  
 
The coefficient of shear stress ( ) for the two different thickness of diameter 1000 
mm is presented in figure 4.6 and using equations [A.54] the values were obtained. Finally, 
is compared with a shear design stress in [A.59]. The coefficient of shear stress ( ) should 
be bigger than 2.5 if a minor probability of failure is required and 2.0 if more risk is 
accepted.  
 
          ρ' = ρ and P.N 100%      ρ' = 0 and P.N 85% 
  
  
  
Figure 4.6. Influence of backfill (B.LL) and native soil (N.S) (OD=1000 mm): a) coefficient v (crown);  
b) coefficient v (crown); c) coefficient v (spring line); d) coefficient v (spring line);  
e) coefficient v (invert); f) coefficient v (invert) 
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One of the main differences between (ρ' = ρ and P.N = 100%) and (ρ' = 0 and P.N = 
85%) is that the coefficients of shear stress are parallel (see figure 4.6). In both cases, if 
the backfill is the Group 1 the coefficients are smaller than the other groups of backfill.  
The coefficient of shear stress (see equation [A.59]) depends on the moments and the axial 
forces, these are bigger for the Group 1 for this reason the coefficient is smaller.  
 
This is an important fact which is necessary to take care and should be checked. It 
can be deduced from figure 4.6 that the coefficient of shear stress is a critical coefficient 
for good backfills.  
 
In figure 4.7 the squashing coefficient (  ) is represented, it must be bigger than 
the values 2.5 and 2.0 with the same meaning as in shear coefficient.   
 
ρ' = ρ and P.N 100% ρ' = 0 and P.N 85% 
  
Figure 4.7. Influence of backfill (B.LL) and native soil (N.S) (OD=1000mm):  
a) squashing coefficient,    (ρ' = ρ and P.N 100%); b) squashing coefficient,   (ρ' = 0 and P.N 85%) 
 
From the graphs of the figure 4.7 it can be deduced that squashing coefficient (  ) 
is larger when the soil is better.  
 
Figure 4.7.a shows the influence of the backfill when the native soil is Group 1 and 
Group 4 compacted with P.N = 100% and ρ' = ρ. With better native soil (Group 1) the 
importance of backfill is bigger than with poor native soil (Group 4) then the squashing 
coefficient is similar for all groups.  
 
Figure 4.7.b gathers the influence of the backfill when the soil with P.N = 85% and 
ρ' = 0 is compacted. In this case, the backfill group is not important. However, the group of 
the native soil has more influence in this parameter.    
 
4.2.4 Height of the trench   
 
Comparison of the different covers soil heights (Case C) have been done in order to 
see how the loads arrive to the pipe after distributed and if taller height increases the soil 
load (qv) but the distribution of the traffic load is better and the pipe has to resist less 
traffic load (Pvc). Or against these, is better less height with more traffic load (Pvc) and 
less soil load (qv).  
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In figure 4.8 the influence of the height is represented for nominal diameter of 500 
mm with different loads. The native soil Group 1 is fixed and the different backfills are 
represented.   
 
  
  
  
  
Figure 4.8. Influence of height (thickness = 12,3mm): a) Soil load (qv) and ρ' = ρ; b) Soil load (qv) and 
ρ' = 0; c) Soil load (qh) and ρ' = ρ; d) Soil load (qh) and ρ' = 0; e) Traffic load (Pvc) and ρ' = ρ; f) Traffic 
load (Pvc) and ρ' = 0; g) Total load (qvt) and ρ' = ρ; h) Total load (qvt) and ρ' = 0 
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The first thing that can be deduced is that the trend of the soil load (vertical and 
horizontal) is increased when the height does. By contrast, the traffic loads decrease with 
the height.  
 
The result of both trends (qvt) for ρ' = ρ is that (see figure 4.8.g):  
 
 With backfill Group 1 and P.N = 100%, the height does not influence, the pipe 
receives the same total vertical load (qvt).  Whereas, with the other backfills Groups 
2, 3 and 4, the influence of the height affects.  
 
 With the height of 0.50 m the pipe with backfill Group 1 receives more total 
vertical load (qvt) than Group 4. However, with approximately (1.75 m for P.N = 
100% and 1.40 m for P.N = 85%) the pipe which receives more total vertical load 
(qvt) is with backfill Group 4.     
 
The result of both trends (qvt) for ρ' = 0 is that (see figure 4.8.h):  
 
 In this case, as the height of backfill increases the total vertical load (qvt) that 
receives the pipe increases too. 
 
 The pipe which receives more total vertical load (qvt) is backfilled with Group 1 
and growing below concurrently the other groups.  
 
Figure 4.9 shows the influence of the backfill and native soil (Group 1 and 4) with 
different thickness.  
 
  
  
Figure 4.9. Influence of height in different thickness with ρ' = ρ and PN = 100%:  
a) Soil load (qv); b) Soil load (qh); c) Traffic load (Pvc); d) Total load (qvt) 
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It can be deduced that the vertical load (qv) is higher with Group 4 and with a 
larger thickness (see figure 4.9.a). However, the horizontal load (qh) is approximately the 
same for each thickness being slightly higher with less thickness because a thinner pipe is 
less rigid (see figure 4.9.b). 
 
Figure 4.9.c gathers the traffic load (Pvc) that decreases with the height and is 
independent of the thickness and the type of the native soil and backfill. In this case, the 
total vertical load (qvt) is approximately the same regardless of the height when the 
backfill and the native soil is Group 1. It grows with the height when the backfill and the 
native soil are Group 4.    
 
4.3. RIGID PIPES 
 
The table 4.7 shows the possible thickness and class for different inside diameters 
(ID) of reinforced concrete. Depending on the load factor (Fa) and the external loads, the 
class and the thickness of each pipe are found.  
 
The bedding and backfill material depends on the load factor, each load factor has 
a defined characteristic. For these reasons, there are 11 cases for each inside diameter and 
if strength class is bigger than 60, then it can choose between thickness B and C (see table 
B.1).    
 
4.3.1 Difference between real load and class strength  
 
In some cases, when the braking load (Fn) is determined, it is necessary to choose 
a bigger class only because the braking load of design is a little bit small or equal. For this 
reason, in figure 4.10 the difference between the maximum class braking load (Fn) minus 
the real braking load caused by the external loads is represented. Then, the % of useful 
strength in different cases A and B, with different Load factor (Fa) is represented in figure 
4.10.c and 4.10.d. 
 
From the graphs of the figure 4.10 it can be deduced that when the load factor (Fa) 
is bigger, less resistance is needed. For this reason, the difference that is shown in figure 
4.10.a and 4.10.b increases when the load factor does too. Except when (Fa = 1.1), this is 
because with this load factor is necessary a bigger strength class (Fn = 90.0 kN/m2) than 
with the rest of load factors (Fn = 60.0 kN/m2). 
 
As it can be seen in figure 4.10.c and figure 4.10.d the load factor (Fa) which 
conforms more to the maximum resistance that can withstand the pipe is (Fa = 1.5). 
 
4.4. PAVEMENT INFLUENCE ON TRAFFIC LOADS 
 
In order to see the influence of pavement on traffic load, it is compared the traffic 
load (Pvc) that arrive to a flexible pipe using different pavements (Case A and Case B) and 
using Case A different thickness of these pavements (see figure 4.11). For this particular 
study there are only two particular cases for each different pavement combining backfill 
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Group 1 and 2 with native soil Group 1, the smallest thickness that could support the 
external loads was chosen. These cases are represented in the figure 4.12 and table 4.8. 
 
Table 4.7. Cases of rigid pipes  
Case A and Case B 
ID  
(mm) 
Thickness, 
e (mm) 
Class  
Load factor 
(Fa) 
Bedding Backfill 
300 
Thickness B 
50 
60 
90 
135 
180 
4.0 
3.0 
2.8 
2.3 
2.2 
2.1 
2.0 
1.9 
1.7 
1.5 
1.1 
Concrete 
Backfill (95% P.N) 
Granular (95% P.N) 
Backfill (0% P.N) 
Backfill (95% P.N) 
Backfill (0% P.N) 
Granular (95% P.N) 
Backfill (0% P.N) 
Thickness C 
69 
90 
135 
180 
500 
Thickness B 
50 
60 
90 
135 
180 
Thickness C 
69 
90 
135 
180 
1000 
Thickness B 
50 
60 
90 
135 
180 
Thickness C 
69 
90 
135 
180 
Case C 
ID  
(mm) 
Thickness, e 
(mm) 
Class  
Height, 
m  
Load 
factor (Fa) 
Bedding Backfill 
300 
Thickness B 
50 
60 
90 
135 
180 
0.50 
1.25 
2.00 
4.0 
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Case A Case B 
  
  
Figure 4.10. Used strength with different Load factor (Fa): a) Case A, Fn class – Fn real; 
 b) Case B, Fn class – Fn real; c) Case A, % of useful strength; d) Case B, % of useful strength  
 
Table 4.8. Particular cases for different pavements of Case A 
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a) 
 
 
 
 
 
 
 
 
 
 
 
b) 
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c) 
Figure 4.11.Trench features (different pavements of CASE A): a) 4 cm asphalt + 15 cm slab concrete;  
b) 0 cm asphalt + 15 cm slab concrete; c) 0 cm asphalt + 7.5 cm slab concrete; 
 d) 0 cm asphalt + 0 cm slab concrete 
 
Comparing the traffic load that pipe of figure 4.12 has to resist, it can be deduced 
that is approximately the same load to pipes that have 300 and 500 mm diameter. 
Whereas pipes with 1000 mm diameter receive lower loads. 
The pavement thickness has an important role in the reduction of the traffic load. 
Apart from thickness, the most influencing factor is the stiffness of this pavement which 
increases the equivalent height, He.  
 The traffic load that arrives without pavement is the same when the type of vehicle has 26 
Tn with 2 axles and 39 Tn with 3 axles (see table A.5). The reason for this effect is that 
distribution of the axles are different and according with the number of axles the equation 
that is used is not the same, equation [A.35] for 2 axles and [A.36] for 3 axles.  
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Figure 4.12. Influence of the pavement: a) OD=300 mm, backfill =1;  
b) OD=300 mm, backfill =2; c) OD=500 mm, backfill =1; d) OD=500 mm, backfill =2;  
e) OD=1000 mm, backfill =1; f) OD=1000 mm, backfill =2 
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CHAPTER 5 
SUSTAINABILITY ANALYSIS 
 
 
 
 
 
 
 
5.1. INTRODUCTION 
 
In the framework of the urban water cycle, this analysis focuses on the 
environmental assessment of the sewer network in response to the need for optimisation 
detected in a previous study (Petit et al., 2014).  
Figure 5.1. Stages of the urban water cycle and stage under study (Sewer network) 
 
To study the environmental impacts of the pipe production and installation of the 
sewer infrastructure, the cases that will be the subject of study were carried out using the 
standards and they appear in Appendix C. 
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5.2. GOAL AND SCOPE 
 
5.2.1 Objectives 
 
The main goal is quantify the environmental impacts of a sewer system and to 
determine the most environmentally friendly design strategy for small to medium sized 
cities applying structural optimisation. To achieve this goal, the specific objectives are: 
 
 To compose an inventory of the material and energy inputs in the life cycle of a 
sewer system 
 
 To identify the impacts of the production, transport and installation of standard 
constructive solution by pipe material, diameter and trench design using LCA 
 
 To determine the effects of structural changes on the environmental impacts of the 
system 
 
5.2.2 Functional unit (FU)  
 
The functional unit (FU) is the transport of 0.072 m3/s, 0.282m3/s and 1.791 m3/s 
of wastewater through 1 linear meter of PVC, PE and concrete pipe with a lifespan of 50 
years (PVC and PE) and 100 years (concrete). Each flow is related to a standard pipe 
diameter, i.e., 300, 500 and 1000 mm. In order to compare flexible and rigid pipes it will be 
necessary to account twice for the impacts of the former, as they have a shorter lifespan. 
 
5.2.3 Materials and Methods  
 
Figure 5.2 represents the parts of the system that are included and those which are 
excluded and the system boundary is defined. Because it is wanted to highlight the 
importance of choosing one trench design or another, it will be refer two different 
systems: on one hand, pipe system including the pipe production and transport and on 
the other hand, trench system including backfill materials, energy, transport and end of 
life.  
 
For the installation phase, the materials used for trench construction, the diesel 
consumed (for digging, compacting and filling), the support elements were considered. 
Trench designs differ depending on the standards, a sensitivity analysis was carried out to 
address the impacts of 2 different solutions form PVC and HDPE and 1 solution of concrete 
pipes (see figure 5.3). All configurations enabled the pipe to support the same amount of 
soil weight and different kinds of traffic. The surface pavement (asphalt and concrete slab) 
was excluded from the analysis.  
 
5.2.4 Environmental calculation tools 
 
The environmental impacts of the sewer system infrastructure are calculated using 
LCA methodology (ISO, 2006). The CML 2 baseline 2000 method V2.05 Cumulative Energy 
Demand V1.08 (Guinée et al., 2001) was used.  
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The impact categories selected were Abiotic Depletion Potential (ADP; kilogram Sb 
equivalents), Acidification Potential (AP; kilogram SO2 equivalents), Eutrophication 
Potential (EP; kilogram PO43− equivalents), Global Warming Potential (GWP; kilogram CO2 
equivalents), Ozone Depletion Potential (ODP; kilogram CFC-11 equivalents), Human 
Toxicity Potential (HTP, kilogram 1.4-DB equivalents) and Photochemical Ozone Creation 
Potential (POCP; kilogram C2H4 equivalents). The Cumulative Energy Demand V1.08 (CED) 
was also selected to evaluate energy issues. 
 
The Ecoinvent 2.2 (Ecoinvent, 2009) database, linked to the software SimaPro 
7.2.0 (PRé Consultants, 2010), was used for the evaluation of emissions related to the 
materials and energy. Data regarding materials and pipes were retrieved from the 
MetaBase ITeC (MetaBase ITeC, 2010).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. System boundaries for constructive solutions 
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Figure 5.3.Trench conditions and pipe materials  
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5.3 MAIN RESULTS AND DISCUSSIONS 
  
5.3.1 Total impact  
 
Total impact considering pipe and trench in 100 years is presented in the following 
graphs (see figure 5.4.a).  
 
 
  
Figure 5.4.Comparing all impacts of the pipe and the trench, (DN=1000 mm): a) impacts of 100 years; 
b) Global Warming Potential (GWP); c) Cumulative Energy Demand (CED)  
 
The solution with less impact is concrete pipe and load factor Fa = 1.1 with the 
exception of Eutrophication potential (EP), Ozone Depletion Potential (ODP) and Human 
Toxicity Potential Methodology (HTP) where the best solution is HDPE pipe with native 
soil and backfill Group 2.  
 
In order to focus the study, the Global Warming Potential (GWP) and the 
Cumulative Energy Demand (CED) will be evaluated in more detail (see figure 5.4.b and 
5.4.c). The solutions with concrete pipes are better than plastic pipes as they are mainly 
produced using local and less scarce material, such as cement. Moreover, they have a 
longer lifespan, so there is no need for reposition. The solutions that produce less CO2 are 
concrete pipes with Fa = 1.1 and 2.1 and flexible pipes with the same material backfill and 
native soil.     
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5.3.2 Plastic pipes 
 
For the purpose of comparing plastic pipes, backfilled with the same material that 
previously has been extracted (native soil and backfill are the same) (see figure 5.5.b) and 
backfilled with a better material than the native soil (see figure 5.5.a), the following 
indicators of the figure 5.5 are studied.   
 
 
 
Figure 5.5. Impacts of plastic pipes: a) Native soil = 2 and Backfill = 1; 
 b) Native soil = 2 and Backfill = 2  
 
If the backfill is with the same material as the native soil, the impact of the 
transport, the new material and the disposal of the excavated material disappear. 
Whereas, if the backfill is the same as the native soil, diesel is the one with biggest impact 
on all indicators.   
 
5.3.3 Concrete pipes 
 
Given that concrete pipes have different bedding factors or load factors (Fa) (see 
table 3.1) and this influences the backfill materials (trench features), in figure 5.6 the 
relative impact (see equation [5.1]) of each one is represented with the influence of GWP 
(Global Warming Potential) and CED (Cumulative Energy Demand). 
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Figure 5.6. Influence of load factor (Fa): a) GWP (Global Warming Potential);  
b) CED (Cumulative Energy Demand) 
 
Figure 5.6 shows two groups of load factors, those which have a concrete bedding 
with higher impact and those which have a granular bedding (compacted or not) with less 
impact. In both graphs, 5.6.a and 5.6.b the trench with Fa=1.1 has the impact 1, this is due 
to all the trenches impacts are referred to a trench with Fa=1.1. The result of this 
comparison in Figure 5.6 is shown. The relative impact GWP is least environmentally 
friendly for concrete beddings. However, those with concrete bedding have a higher CED 
relative impact also, but not as distinct as in the case of GWP.   
 
In the following graphs, the features of the trench and the processes that influence 
more to the impacts are presented. Figure 5.7 represents the concrete pipe with nominal 
diameter of 1000 mm and the load factors Fa = 4.0, Fa = 2.1 and Fa = 1.1.  
 
The effect of disposal and transport are the most relevant in the three cases shown 
in figure 5.7. Specifically, bedding concrete with load factor Fa = 4.0 (see figure 5.7.a) 
produces an important effect in all indicators, whereas another important effect of  Fa = 
2.1 is the diesel used for the compaction of the gravel (see figure 5.7.b).  
 
5.3.4 Different flows 
 
To decide which pipe is more favourable to transport a concrete flow, the impacts 
of each pipe are represented in the following graphs (see figure 5.8). The nominal 
diameters are 1000 mm, 500 mm and 300 mm and could transport 1.791 m3/s, 0.282 m3/s 
and 0.072 m3/s respectively.  
 
The impact of Global Warming Potential (GWP) is great if flows lower than 0.4 
m3/s are transported by concrete pipes, whereas in order to transport flows bigger than 
0.9 m3/s then the concrete pipes are the best solution.  The HDPE pipes are best suited for 
small flows up to 0.9 m3/s. 
 
The impact of Cumulative Energy Demand (CED) is least friendly with PVC and 
HDPE pipes, in contrast, the concrete pipes have smaller impact for all flows rates.    
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Figure 5.7. Influence of load factor (Fa), Concrete pipe ID=1000 mm: a) Fa=4.0; b) Fa=2.1; c) Fa=1.1  
 
  
Figure 5.8. Influence of the flow: a) GWP (Global Warming Potential);  
b) CED (Cumulative Energy Demand) 
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5.3.5 Comparing different scenarios  
 
Different scenarios with pavement or without it are studied in the following 
graphs. The external loads are the same in each case with different kinds of traffic that are 
represented. All the parameter used in this studio with the details of the cases are shown 
in the table C.5. 
 
CONCRETE (CASE 1) 
 
In the first scenario (CASE 1), concrete pipe with and without pavement will be 
analysed (see figure 5.9). The GWP and CED are represented to determine the influence of 
reduce the pavement. Higher class of pipe strength in some cases is needed without 
pavement, as it can see in the table C.5.  
 
  
Figure 5.9. Concrete: a) GWP (Global Warming Potential); b) CED (Cumulative Energy Demand) 
 
In figure 5.9 impact of nominal diameters of 300 mm and 500 mm are 
approximately the same with or without pavement, however, with diameter 1000 mm 
cause the effect of the traffic loads influence more without pavement and more pipe 
resistance is needed then, the impact is bigger. 
 
PVC (CASE 2) 
 
Figure 5.10 is the second scenario, in this case (CASE 2) the pipe material is PVC 
backfilled with granular material of Group 1 or Group 2, and it is installed in a native soil 
Group 2.   
 
Comparing the impact using the material of native soil to backfill the trench the 
impact is least than if the backfill material is new (see figure 5.10.a and 5.10.c) this is 
caused by the transport of the new material and the disposal of the existent. Comparing 
diameters, with a small diameter 300 mm the increase of the traffic load is not significant 
with the increase of the impact. Against it, with diameters 500 mm and 1000 mm the 
influence without pavement of the traffic load is significant comparing with the pavement 
cases.    
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Figure 5.10. PVC: a) GWP (Global Warming Potential) with B.LL = 1 and N.S = 2; b) CED (Cumulative 
Energy Demand) with B.LL = 1 and N.S = 2; c) GWP (Global Warming Potential) with  
B.LL = N.S = 2; d) CED (Cumulative Energy Demand) with B.LL = N.S = 2 
 
PVC AND CONCRETE BACKFILL (CASE 3) 
 
Figure 5.11 where is represented the CASE 3, with a thin thickness of PVC pipe and 
then the pipe is backfilled with concrete and the remaining centimeters of the trench are 
backfilled with soil of Group 1 or 2. With concrete backfilled the installation is not 
sensitive to the pavement. The flexible pipe becomes a rigid pipe because the backfilled 
prevents the characteristic deformation behavior of the flexible pipes, happens the same 
with the CASE 5, which is presented in figure 5.13. 
 
The influence of the traffic is null in this trench solution as it can be seen in the 
figure 5.11. In these cases, use the same backfill reduce the impact due to as was shown in 
section 5.3.2, the transport, the new material and the disposal of the excavated material 
disappear. 
 
HDPE (CASE 4) 
 
Figure 5.12 shows the result of the GWP and CED of a HDPE pipe which is 
backfilled with granular material of Group 1 or Group 2, and it is installed in a native soil 
Group 2.   
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Figure 5.11. PVC and Concrete: a) GWP (Global Warming Potential) with B.LL = 1 and N.S = 2; b) CED 
(Cumulative Energy Demand) with B.LL = 1 and N.S = 2; c) GWP (Global Warming Potential) with  
B.LL = N.S = 2; d) CED (Cumulative Energy Demand) with B.LL = N.S = 2 
 
  
  
Figure 5.12. HDPE: a) GWP (Global Warming Potential) with B.LL = 1 and N.S = 2; b) CED (Cumulative 
Energy Demand) with B.LL = 1 and N.S = 2; c) GWP (Global Warming Potential) with  
B.LL = N.S = 2; d) CED (Cumulative Energy Demand) with B.LL = N.S = 2 
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A general overview of the graphs of figure 5.12 revels that, with diameters 500 mm 
and 300 mm the impact is similar between the needed pipe without pavement and the 
needed pipe with pavement. Thus, increase the thickness as shown does not generate 
much more impact.  
 
However, with diameters of 1000 mm the impact increase without pavement cause 
the external loads increase and also the thickness of the pipe. 
 
HDPE AND CONCRETE BACKFILL (CASE 5) 
 
In figure 5.13 the different scenarios of HDPE pipe with concrete backfill are 
presented. 
 
  
  
Figure 5.13. HDPE and Concrete: a) GWP (Global Warming Potential) with B.LL = 1 and N.S = 2; b) 
CED (Cumulative Energy Demand) with B.LL = 1 and N.S = 2; c) GWP (Global Warming Potential) with  
B.LL = N.S = 2; d) CED (Cumulative Energy Demand) with B.LL = N.S = 2 
 
As happens with PVC and concrete backfill (see figure 5.11) with HDPE and 
concrete backfill (see figure 5.13), the external loads have not effect, with the pavement 
happens the same because the concrete acts as a pavement.   
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CHAPTER 6 
CONCLUSIONS 
 
 
 
 
 
 
 
6.1. GENERAL CONCLUSIONS 
   
In this section the general conclusion are presented in response to the general 
objectives defined in Chapter 1. Specific conclusions will be presented in the following 
section.  
 
The system pipe-soil in flexible pipes is an important item, for ensure the good 
function it is necessary to use high quality material of backfill with a correct compaction. 
For the same reason, the geometry and the requirements of the trench must be suitably 
chosen.  
 
Concrete pipes with load factor (Fa = 4.0) have a bigger safety coefficient using the 
same pipe with a load factor (Fa = 1.1) even for the same external loads could use a pipe 
with less strength class.   
 
From the structural point of view, all the trenches designed according to the 
standards could be considered valid since they are dimensioned to resist the loads. In this 
sense, the Life Cycle Assessment plays an important role, providing criteria in order to 
choose the optimal between the different structurally valid solutions. The LCA carried out 
in this minor thesis revealed that concrete pipes are usually better than plastic pipes. 
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6.2. SPECIFIC CONCLUSIONS 
 
Several specific objectives are proposed in Chapter 1 for each of the subjects 
studied. In response to these specific objectives, the contributions made are described in 
detail in the chapters of this document. With the aim of providing a general overview of 
the contributions, the main specific conclusions of each subject addressed in this minor 
thesis are presented next. 
 
Deflection 
 
Although the deflection of the pipe is a property of flexible pipes which helps the 
system (pipe-soil) to withstand the loads, it must be limited to prevent and avoid different 
phenomenon such as wall crushing, buckling, etc.   
 
The deflection is controlled by the degree of the soil compaction. If the soil has a 
well compacted (e.g. P.N = 100%) then the deflection (δ) is around 1% lower than 5% 
which is the limit. If the compaction cannot be done, then the native soil quality takes an 
important role. In order to reduce the deflections, it is important to reduce the external 
loads by using a pavement layer.  
 
Height of the trench 
 
The increase of the height over the crown of the pipe produces an increase of the 
pressure of the soil (soil load, qv) and horizontal load (qh) however, traffic loads (pvc) 
decrease. The result of this depends on the compaction of the backfill, if the compaction is 
good then the height of the soil is less influent in the total load (qvt), than if the 
compaction is poor, in this case the total load (qvt) grows substantially with the soil 
height.  
 
Pavement effect and traffic loads 
 
The effect of the pavement reduces the traffic loads and reduces the external loads 
that arrive to the pipe (for a pavement layer of 19 cm between 20 – 40 % depending on the 
external load). For this reason, when the external loads are important it is necessary to 
construct a concrete slab or a pavement layer in order to reduce the external loads effect. 
The degradation of the pavement materials should be taken into account, since the loss of 
the pavement can allow the transmission of loads by which the pipe is not calculated and 
can break. 
 
The construction stage should also be considered as critical as if the pipe is 
calculated to resist the external loads with pavement, when the machine used for the 
installation moves above the pipe, in this moment the pipe is in a critical situation that is 
important to take into account. 
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Life Cycle Assessment (LCA) 
  
A general overview of the study of LCA reveals that concrete pipes are usually 
better than plastic, this is because the different lifespan of the pipe materials and the 
material composition. Analyzing the results, it is worth mentioning that transporting small 
flows plastic pipes have less impact, whereas for large flows concrete pipes are more 
suitable. 
 
6.3. FURTHER RESEARCH 
 
Despite the contributions reported in the previous section, further research on the 
topics covered in this document are required. For that reason, several suggestions for 
future research are proposed below. 
 
The study conducted showed the structural behavior and LCA of trenches. 
However, due to the wide variety of trenches and pipes, some initial hypothesis regarding 
the trench size and the pipe type were initially considered. In this regard, it might be 
interesting to extend the analyses to other pipe materials and diameters.  
 
Furthermore, the same structural study with HDPE and Corrugate steel pipes could 
be done, as well as a detailed study of different types of PVC pipes (smooth and corrugated 
double wall (smooth interior)). 
 
Finally, Insight on the geotechnical incoherency needs to be enlarged. Further 
analysis together with an experimental campaign should be carried out in order to better 
analyse this topic.  
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APPENDIX A 
Description about UNE 53331 
 
 
 
 
 
 
 
1. INTRODUCTION 
 
This manual is a compilation of data on thermoplastic pipes and it was planned to 
provide all design information needed. It takes into account the proprieties of 
thermoplastic materials that are flexible and can admit higher deflections than rigid pipes.  
However, the deflection of the pipe is limited by specification to a maximum of 5% in 50 
years.  
 
2. OBJECTIVE  
 
The main objective of the standard is providing guidelines for verification PVC and 
PE pipes. The normative covers buried pipes with all kind of trenches. If the pipes are 
installed over supports or in some especial condition, should be used appropriate 
equations.       
 
3. IMPORTANT INFORMATION  
 
In order to calculate the stresses and choose the correct pipe, it is necessary to 
have the following information: 
 
3.1. Features of the pipes 
 
In order to define the stresses is necessary to know: 
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- Unit weight, in kN/m3. For the purpose of doing the calculus the most used values 
are: 14.6 kN/m3 for PVC and 9.6 kN/m3 for PE.  
 
- Nominal diameter (outside diameter), Dn, in meters. 
- Pipe wall thickness, e, in meters.   
- Inside diameter,         , in meters. 
- Modulus of elasticity, Et, in N/mm2. Use the following values: 
 
Table A.1. Modulus of elasticity 
Pipe material Short period Long period 
PVC 3600 1750 
PE 1000 150 
 
3.2. Features of the installation  
 
On account of the importance of the soil around the flexible pipes and the trench 
geometry, should take care with the features of the original and input soil, and especially 
with the soil compaction.  
 
In order to determinate the pressure of the soil it is necessary to know: 
 
3.2.1. Trench geometry 
 
A) Type 1. Trench or under embankment  
 
 
Figure A.1. Trench geometry type 1 (UNE 53331 IN) 
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B) Type 2. Trench embankment 
 
Figure A.2. Trench geometry type 2 (UNE 53331 IN) 
 
C) Type 3. Two pipes in the same trench 
 
Figure A.3. Trench geometry type 3 (UNE 53331 IN) 
 
3.2.2. Features of the bedding and projection relationship  
 
Needed information is angle 2α in degrees, and Pj (consider      during the 
calculations). 
 
There are two types of beddings: 
A) Type A. It consists in granular bedding where it rests the pipe as shown in the 
(figure A.4).  
 
Figure A.4. Bedding type A (UNE 53331 IN) 
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B) Type B. In this type of bedding the pipe rests on the soil of trench as shown in the 
(figure A.5).  
 
Figure A.5. Bedding type B (UNE 53331 IN) 
 
C) Backfill soil. The backfill soil has to be in 15 cm layer thickness, it cannot be any 
hole especially under the pipe. It has to be a layer of 30 cm over the crown of the 
pipe. After getting this height, compact the fill with 20 cm layers. 
 
3.3. Features of the ground  
 
In order to calculate the soil load is necessary to know:  
- The soil unit weight, γ, in kN/m3. 
- Soil friction angle with the trench wall, ρ’, in degrees.  
- Coefficient of lateral thrust of the backfill, K₁ and K₂. 
- Soil modulus compression in different places of the trench, E₁, E₂, E₃, E₄, in N/mm2, 
as shown in the figure A.6. 
 
If the features mentioned are unknown, could be using the features of the normative.   
 
Figure A.6. Soil modulus compression in different places of the trench (UNE 53331 IN) 
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3.3.1. Types of soil. 
 
GROUP 1. Non cohesive soil, this group includes gravel and sand, with less than 
5% of particles that have (ф ≤ 0.06 mm). 
 
GROUP 2. Little cohesive soil, this group includes gravel and bit clayey or silty 
sands. It has between 5% and 15% of particles that have (ф ≤ 0.06 mm).  
 
GROUP 3. Moderately cohesive soil, this group includes gravels and clayey or silty 
sands. It has between 15% and 40% of particles that have (ф ≤ 0.06 mm) and silt little 
plastic.  
 
GROUP 4. Cohesive soil, this group includes clay, silt and organic soils.  
 
Use highly organic soils to fill are not recommended, and if the trench original 
material has organic particles use preventive measures. 
 
3.3.2. Backfill unit weight  
 
If there are not test data, the normative recommend            . 
 
3.3.3. Soil friction angle with the trench wall  
 
If there are not test data, the normative recommend: 
 
Table A.2. Soil friction angle with the trench wall (UNE 53331 IN) 
Soil group Friction angle, ρ 
1 35° 
2 30° 
3 25° 
4 20° 
 
When the soil friction angle (ρ) is defined, then the soil friction angle with the 
trench wall, ρ’ is defined too. 
 
If the entire trench height is compacted by layers, the friction angle with the trench 
wall should consider the same as the soil friction angle. Then     . 
 
3.3.4. Coefficient of lateral thrust of the backfill 
 
Table A.3. Coefficient of lateral thrust of the backfill (UNE 53331 IN) 
Soil group K  K₂ 
1 
0.5 
0.4 
2 0.3 
3 0.2 
4 0.1 
K1 is the coefficient of lateral thrust above the top of the pipe.   
K2 is the coefficient of lateral thrust around the pipe.  
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3.3.5. Soil modulus compression in different places of the trench 
 
Soil modulus compression could be determinate by CBR (California Bearing Ratio) 
method. If there are not test data, the normative recommend: 
 
Table A.4. Modulus of compression, Es (UNE 53331 IN) 
Soil 
group 
Modulus compression Es (N/mm2) 
Proctor compression in % 
85 90 92 95 97 100 
1 2.5 6.0 9.0 16.0 23.0 40.0 
2 1.2 3.0 4.0 8.0 11.0 20.0 
3 0.8 2.0 3.0 5.0 8.0 14.0 
4 0.6 1.5 2.0 4.0 6.0 10.0 
 
3.4. Vertical overloading  
 
In order to define the pressure because of the overloading that the pipe has to 
resist, is necessary to know:  
 
3.4.1. Concentrated overloading  
 
Concentrated overloads are those which are caused by concentrated loads on the 
wheels of traffic. Needed information: 
 
- Value of the concentrated overload, Pc, in kN. As shown in table A.4, load for each 
wheel.  
 
- Cover soil height, H in meters. If there are some pavement over the backfill is used 
up the equivalent height, He  
 
- Distance between wheels, a in meters. Distance between axles, b in meters. As 
shown in (figure A.7). 
 
- Impact coefficient , it depends on the traffic type.  
 
To determine the value of PC, follow the instructions of section 5.4.1.   
 
Table A.5. Characteristics of some exemplar type of vehicles (UNE 53331 IN) 
N° Symbol 
Load 
(Tn) 
Axle N° a (m) b (m) 
Load for each wheel (kN) 
Front Rear 
1 LT 12 12.0 2.0 2.0 3.0 20.0 40.0 
2 HT 26 26.0 2.0 2.0 3.0 65.0 65.0 
3 HT 39 39.0 3.0 2.0 1.5 65.0 65.0 
4 HT 60 60.0 3.0 2.0 1.5 100.0 100.0 
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Table A.6. Impact coefficient of mobile loads (UNE 53331 IN) 
Traffic type 
Impact coefficient,  
Normal surface Irregular surface 
Light traffic ≤ 12 Tn 1.50 Until 1.85 
12 Tn < medium traffic < 39 Tn 1.40 Until 1.75 
Heavy traffic ≥ 39 Tn 1.20 Until 1.50 
 
 
Figure A.7. Distance between wheels and axles for any vehicle (UNE 53331 IN) 
 
3.4.2. Distributed overloading 
 
Distributed overloads are mainly supply materials and vehicles chain.  
Needed information: 
 
- Value of the distributed overload, Pd, in kN/m2. 
- Length, L in meters and width, A in meters. It defines the area of the overload.   
- Height of soil over the top of the pipe, H in meters. If there are some pavement 
over the backfill is used up the equivalent height, He  
 
- Impact coefficient , if the distributed overload is vehicles chain      however 
if overload is permanent then       
 
To determine the value of Pd, follow the instructions of section 5.4.2.   
 
3.4.3. Equivalent height of land based on the type of pavement 
 
If there are some pavement over the backfill is necessary to calculate the 
equivalent height of land, He. This height is used to determine the overloads described in 
the previous sections.   
4. DETERMINING ACTIONS  
 
The process could get short period or long period results. 
 
 
     
   
   
        
        
     [ A.1 ] 
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Table A.7. Modulus of compression Ef, for some materials of pavement (UNE 53331 IN) 
Material type Ef (N/mm2) Ef is a function of 
Soil-cement 50 – 2,000 Type of sand and fineness 
Cement gravel 1000 – 15000 Type of sand and fineness 
Macadam 90 – 350 Compactness 
Compacted gravel 100 – 900 Compactness 
Compacted slag 80 – 250 Compactness 
Asphalt agglomerate 6000 – 20,000 Composition, temperature 
Asphalt emulsion 400 – 4000 Temperature 
Poor concrete 15000 -  
Concrete slabs 21000 – 35000 Concrete quality 
 
 
4.1. Trench or under embankment installation (type 1)  
 
4.1.1. Determination the vertical pressure of the soil 
 
   is determinate by this equations: 
 
 
  
4.1.2. Determination the concentration factor of the vertical pressure  
 
As a result of the deflection of the pipe and the backfill, the vertical load over the 
pipe may be bigger or smaller than vertical load over the backfill.  
As shown in the figure A.8, it might idealize the vertical load to the following 
condition (
 
 
 
 
  ) as: 
 
Figure A.8. Vertical pressure distribution in weight trench, B/Dn ≥ 4  (UNE 53331 IN) 
            
 
[ A. 2 ] 
     For 0 ≤ β < ρ [ A. 3 ] 
     
      
  
   
 
 
For  ρ  ≤ β ≤ 90 
 
[ A. 4 ] 
     
       
 
          
  
   
 
    
        
 [ A. 5 ] 
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The concentration factor is calculated using the following equations [A.6] and 
[A.7]: 
 
In every case:  
 
Where   is calculated using the following equation [A.9]: 
 
 
 
    is the pipe stiffness in N/mm2 
 
The coefficient for the deflection, ∆Dv      , is calculated with the following equation: 
 
  
    
 
 
 
  
 
       
 
 For 1 ≤ 
 
 
 
 
≤ 4 [ A. 6 ] 
 
     
 
For  4  ≤ 
 
  
≤  [ A. 7 ] 
               [ A. 8 ] 
   
      
            
    
   
            
    
 [ A. 9 ] 
   
    
    
 [ A. 10 ] 
   
        
       
 
   is in table A.3  
    is always         
[ A. 11 ] 
 
     
 
  
   
   
      
            
 
 
    
    
   
      
             
 
 
[ A. 12 ] 
 
   
     
       
 [ A. 13 ] 
   
  
  
  
 
  
 
 
 
   is the elasticity modulus of the pipe 
and    is: 
[ A. 14 ] 
 
   
    
 
 [ A. 15 ] 
               [ A. 16 ] 
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Table A.8. Deformation coefficients (UNE 53331 IN) 
Bedding angle 
2α 
                
60 -0.1053 +0.1026 +0.0640 -0.0658 
90 -0.0966 +0.0956 +0.0640 -0.0658 
120 -0.0893 +0.0891 +0.0640 -0.0658 
180 -0.0833 +0.0833 +0.0640 -0.0658 
 
4.1.3. Determination the pressure of the backfill  
 
Pressure of the backfill is divided in two,    which is the result of horizontal 
pressure of the soil and     which is the reaction of the soil when the pipe deflects.  
To determine both parameters, it used the following equations: 
 
 
4.2.  Trench embankment installation (type 2) 
 
4.2.1. Determination the vertical pressure of the soil 
 
It is given by: 
 
  
   
       
 [ A. 17 ] 
    
  
   
 
 
                is in (table A.8)  
and      is the backfill stiffness (N/mm2) 
[ A. 18 ] 
 
             
 
and    is the correction factor which is calculated as equation [A.20] or looking 
at (figure A.9). 
[ A.19 ] 
 
  
            
 
     
 
 
                    
 
       
  
  
 [ A. 20 ] 
               [ A. 21] 
              [ A. 22 ] 
                           [ A. 23 ] 
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Figure A.9. Correction factor ξ (UNE 53331 IN) 
 
4.2.2. Determination the load coefficient over embankment trench  
 
It is given by: 
 
 
4.2.3. Determination the pressure of the backfill  
 
It is given by: 
4.3. Determination the vertical pressure of the overloads  
  
4.3.1. Concentrated overloading  
     For 0 ≤ β < ρ 
[ A. 24 ] 
     
 
  
          For  ρ  ≤ β ≤ 90 [ A. 25 ] 
          
  
 
            
[ A. 261 ] 
                            [ A. 27 ] 
              [ A. 28 ] 
  
    
 
 [ A. 29 ] 
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The vertical pressure over the pipe on account of concentrated overloads is 
calculated with the following equations: 
 
For the case of two-axles lorries: 
 
For the case of three-axles lorries: 
 
If the loads are equal for each axle, these equations [A.35] and [A.36] are 
acceptable, on the contrary if the loads are unequal, it is necessary to use a relation 
between the loads that multiply in the last two terms of equations [A.35] and [A.36]. 
 
4.3.2. Distributed overloading 
 
The vertical pressure over the pipe on account of distributed overloads is 
calculated with the following equations: 
 
 
4.4. Determination the total vertical pressure over the pipe  
 
Total vertical pressure is the addition of vertical soil pressure    and the vertical 
pressure of the overloads     or    . 
 
            
Pc is in (table A.5). 
  is in (table A.6). 
[ A.30 ] 
 
   
 
  
 
 
    
              
  
     
  
 
   
  
 
  
 
 
  
   
 
  
    
 
          is calculated in radians and from 0 to      
Could be    or   , it depends on the trench conditions, if there are some 
pavement over it used  e  instead of  .   
 
[ A. 31 ] 
 
              [ A. 32 ] 
          [ A. 33 ] 
            [ A. 34 ] 
   
    
   
                                       [ A. 35 ] 
   
    
   
                                           [ A. 36 ] 
            
 
   is in the (figure A.10). 
[ A. 37 ] 
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Figure A.10. Load coefficient for distributed overloading (UNE 53331 IN) 
 
5. DEFLECTION CALCULATION 
 
The variation of the vertical diameter, ∆Dv, is calculated with the distribution of 
the loads around the pipe as shown in the following equation [A.38]: 
 
 
   is limited by specification to a maximum of 5% 
         
      
  
      
           is calculated in the equation [ A.39] 
[ A. 38 ] 
 
   
   
    
          
      
  
     [ A. 39 ] 
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6. DETERMINATION THE LOADS  
 
6.1. Determination the circumferential bending moments 
 
a) By vertical load,      
 
b) By horizontal load,     
 
c) By horizontal reaction,      
 
d) By pipe own weight,     
 
e) By water weight,    
 
f) By water pressure,    
 
 
Table A.9. Moment and axial coefficients (UNE 53331 IN) 
Support 
angle 
Section 
Moment coefficients Axial coefficients 
                                        
60° 
Crown +0.286 -0.250 -0.181 +0.459 +0.229 +0.080 -1.000 -0.577 +0.417 +0.708 
String -0.293 +0.250 +0.208 -0.529 -0.264 -1.000 0.000 0.000 -1.571 +0.215 
Invert +0.377 -0.250 -0.181 +0.840 +0.420 +0.080 -1.000 -0.577 -0.417 +1.292 
90° 
Crown +0.274 -0.250 -0.181 +0.419 +0.210 +0.053 -1.000 -0.577 +0.333 +0.667 
String -0.279 +0.250 +0.208 -0.485 -0.243 -1.000 0.000 0.000 -1.571 +0.215 
Invert +0.314 -0.250 -0.181 +0.642 +0.321 -0.053 -1.000 -0.577 -0.333 +1.333 
120° 
Crown +0.261 -0.250 -0.181 +0.381 +0.190 +0.027 -1.000 -0.577 +0.250 +0.625 
String +0.265 +0.250 +0.208 -0.440 -0.220 -1.000 0.000 0.000 -1.571 +0.215 
Invert +0.275 -0.250 -0.181 +0.520 +0.260 -0.027 -1.000 -0.577 -0.250 +1.375 
180° 
Crown +0.250 -0.250 -0.181 +0.345 +0.172 0.000 -1.000 -0.577 +0.167 +0.583 
String -0.250 +0.250 +0.208 -0.393 -0.196 -1.000 0.000 0.000 -1.571 +0.215 
Invert +0.250 -0.250 -0.181 +0.441 +0.220 0.000 -1.000 -0.577 -0.167 +1.417 
 
                
  [ A. 40 ] 
             
  [ A. 41] 
                
  [ A. 42 ] 
             
  [ A. 43 ] 
           
  [ A. 44 ] 
                   
 
 
 
     
  
    
     
  
  
   [ A. 45 ] 
                          [ A. 46 ] 
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Figure A.11. Soil action and reaction for bedding type A and B (UNE 53331 IN) 
 
6.2. Determination the axial forces  
 
 
 
 
 
 
 
 
6.3. Calculation maximum shear stresses  
 
Calculated the bending moments (M) and the axial forces (N), can be determinate 
the shear stresses (N/mm2) of the crown, the string lines and the invert.  
 
The curvature correction factor,   , is calculated following the equations [A.57] 
and [A.58], the first one considers the external fibre and the other one for the internal 
fibre.  
                          [ A. 47 ] 
                 [ A. 48 ] 
              [ A. 49 ] 
                 [ A. 50 ] 
              [ A. 51 ] 
           
  [ A. 52 ] 
                [ A. 53 ] 
  
 
 
 
     
 
      [ A. 54 ] 
                [ A. 55 ] 
  
      
 
  
Where     is the thickness of the pipe  
[ A. 56 ] 
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7. DIMENSIONED  
 
7.1. Necessary conditions  
 
In flexible pipes, the soil around the pipe is so important and essential for the load 
distribution. For this reason, verification the deflection is the main characteristic and 
sometimes is necessary to verification the stability too.  
 
7.2. Verification of shear stress  
 
The values of the shear stress have to be compared with the values of the (table 
A.10) that are design values.   
Table A.10. Design values of shear stress,   , for PVC and PE (UNE 53331 IN) 
Pipe material Short period Long period 
PVC 90.0 50.0 
PE 30.0 14.4 
 
This coefficient of braking,  , must be bigger than the values that appear in the 
(table A.11). 
 
Table A.11. Breaking coefficients,  (UNE 53331 IN) 
Pipe material 
Security class A 
(normal) 
     
   
Security class B 
(especial) 
     
   
PVC 2.5 2.0 
PE 2.5 2.0 
 
7.3. Checking the stability and critical collapse pressure 
 
7.3.1. Calculation of the soil pressure 
 
Critical soil pressure is calculated following the equation: 
 
 
 
Squashing coefficient of security is: 
      
 
 
 
 
  
 [ A. 57 ] 
      
 
 
 
 
  
 [ A. 58 ] 
  
  
 
 [ A. 59 ] 
                   [ A. 60 ] 
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This squashing coefficient,   , must be bigger than the values that appear in the 
table A.12. 
 
Table A.12. Squashing coefficient,   (UNE 53331 IN) 
Pipe material 
Security class A 
(normal) 
     
   
Security class B 
(especial) 
     
   
PVC 2.5 2.0 
PE 2.5 2.0 
 
7.3.2. Calculation of the water external pressure 
 
If the water external pressure is big enough to ignore the soil pressure, then the 
critical squashing pressure is calculated using the following equation: 
 
 
It could find    in the (figure A.12).  
 
Now, the squashing coefficient of security is: 
 
 
Where  
This squashing coefficient,   , must be bigger than the values that appear in the 
(table A.12). 
   
        
   
    [ A. 61 ] 
              [ A. 62 ] 
   
       
  
    [ A. 63 ] 
          
  
 
       
   is always        
  
[ A. 64 ] 
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Figure A.12. Penetration coefficient,                 to obtain the critical pressure of subterranean 
water (UNE 53331 IN) 
 
7.3.3. Simultaneous action of water and soil pressure 
 
If the water external pressure is as big as the soil pressure, then the squashing 
coefficient is: 
 
This squashing coefficient,   , must be bigger than the values that appear in the 
(table A.12). 
 
Figure A.13. Buried pipe under the action of subterranean water (UNE 53331 IN) 
   
 
   
        
 
  
       
    
[ A. 65 ] 
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APPENDIX B 
Description about UNE 127916 
 
 
 
 
 
 
 
1. INTRODUCTION AND OBJECTIVE 
 
This is a National complement to the European Standard (UNE-EN 1916:2003) 
which specifies performance requirements and describes test methods for precast 
concrete pipes and fittings, unreinforced steel fibre and reinforced, with felxible joints.  
 
The main intended use is the conveyance of sewage, rainwater and surface water 
under gravity or occasionally at low head of pressure, in pipelines that are generally 
buried.   
 
2. NORMATIVE REFERENCES  
 
This European Standard incorporates by dated or undated references, provisions 
from other publications.  
 
- UNE-EN 476. Requisitos generales para complementos empleados en tuberías de 
evacuación, sumideros y alcantarillados para sistemas de gravedad. 
- UNE-EN 752-4. Sistemas de desagües y de alcantarillado exteriores a edificios. Parte 
4: Cálculo hidráulico y consideraciones medioambientales.  
- UNE-EN 1610. Instalación y pruebas de acometidas y redes de saneamiento. 
- EN 12889. Puesta en obra sin zanja de redes de saneamiento y ensayos. 
- UNE-EN 1916. Tubos y piezas complementarias de hormigón en masa, hormigón 
armado y hormigón con fibras de acero. 
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- UNE-EN 1917. Pozos de registro y cámaras de inspección de hormigón en masa, 
hormigón armado y hormigón con fibras de acero. 
- UNE-EN 127917. Complemento nacional de la Norma UNE.EN 1917. Pozos de 
registro y cámaras de inspección de hormigón en masa, de hormigón con fibras de 
acero y de hormigón armado.  
 
3. GENERAL FEATURES 
 
3.1. Wall thickness 
 
The minimum thickness of the wall in the table B.1 is presented.   
 
Table B.1.Minimum wall thickness (UNE-EN 127917) 
Nominal diameter (ID) Thickness B Thickness C 
300 50 69 
400 59 78 
500 67 86 
600 75 94 
700 84 102 
800 92 111 
900 100 119 
1000 109 128 
1200 125 144 
 
3.2. Strength class 
 
Corresponding minimum load test are given in Table B.2 according to the 
classification resistant. 
 
Table B.2. Minimum load test: breaking load (Ff) and fissuring load (Fn) (UNE-EN 127917) 
ID (mm) 
Class 60 Class 90 Class 135 Class 180 
Ff 
(kN/m2) 
Fn 
(kN/m2) 
Ff 
(kN/m2) 
Fn 
(kN/m2) 
Ff 
(kN/m2) 
Fn 
(kN/m2) 
Ff 
(kN/m2) 
Fn 
(kN/m2) 
300 - - 18.0 27.0 27.0 40.5 36.0 54.0 
400 - - 24.0 36.0 36.0 54.0 48.0 72.0 
500 - - 30.0 45.0 45.0 67.5 60.0 90.0 
600 - - 36.0 54.0 54.0 81.0 72.0 108.0 
700 - - 42.0 63.0 63.0 94,5.0 84.0 126.0 
800 - - 48.0 72.0 72.0 108.0 96.0 144.0 
900 36.0 54.0 54.0 81.0 81.0 121.5 108.0 162.0 
1000 40.0 60.0 60.0 90.0 90.0 135.0 120.0 180.0 
1200 48.0 72.0 72.0 108.0 108.0 162.0 144.0 216.0 
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4. SPECIAL REQUIREMENTS 
 
The minimum steel of reinforced concrete is presented in table B.3. The steel must 
have a quality B-500. The minimum concrete cover is 20 mm, but it depends on the 
environmental conditions. 
  
Table B.3. Steel of the reinforced concrete (cm2/m) (UNE-EN 127917) 
ID 
(mm) 
Class 60 Class 90 Class 135 Class 180 
Minimum fck = 30 N/mm2 Minimum fck = 40 N/mm2 
Thickness B Thickness B Thickness C Thickness B Thickness C Thickness B Thickness C 
In Out In Out In Out In Out In Out In Out In Out 
300 - - 2.0 - 2.0 - 2.0 - 2.0 - 2.1 - 2.0 - 
400 - - 2.0 - 2.0 - 2.3 - 2.0 - 2.9 - 2.0 - 
500 - - 2.0 - 2.0 - 3.3 - 2.0 - 4.3 - 2.1 - 
600 - - 2.0 - 2.0 - 4.6 - 2.0 2.0 6.1 - 2.3 2.0 
700 - - 3.3 - 2.0 - 5.9 - 2.0 2.0 7.6 2.5 2.7 2.0 
800 - - 3.8 - 2.3 - 5.1 2.4 2.3 2.0 7.5 4.5 3.4 2.4 
900 - - 3.2 2.1 2.0 2.0 5.5 3.3 2.7 2.0 8.5 5.1 4.4 2.7 
1000 2.3 2.0 3.7 2.3 2.1 2.0 6.2 3.7 3.3 2.2 9.5 5.7 5.4 3.3 
1200 2.9 2.0 4.7 2.8 3.3 2.0 7.8 4.7 4.9 2.9 12.2 7.3 7.7 4.6 
 
5. MECHANICAL DESIGN 
 
5.1. Trench installation   
 
5.1.1. Bedding factor or Load factor (Fa) 
 
The load factor (Fa) depends on the bedding material and height. In figure B.1, B.2  
and B.3 are presented. 
 
 
Figure B.1. Load factor with concrete bedding (UNE-EN 127917) 
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Figure B.2. Load factor with granular bedding (UNE-EN 127917) 
 
 
Figure B.3. Load factor without bedding (UNE-EN 127917) 
 
5.1.2. Determination the breaking load  
 
The breaking load determines the strength class of the pipe and it is calculated by 
the following equation: 
The breaking load is compared with the standard breaking loads to obtain the 
class. If: 
 
- Breaking load is ≤ 60→ CLASS 60 
- 60 < breaking load ≤ 90→ CLASS 90 
- 90 < breaking load ≤ 135→ CLASS 135 
- 135< breaking load ≤ 180→ CLASS 180 
 
5.1.3. Determination the fissuring load  
 
The fissuring load is calculated by the following equation: 
 
 
                      
          
     
 [ B. 1 ]  
                       
      
     
 [ B. 2 ] 
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The fissuring load is compared with the standard fissuring loads to obtain the 
class. If: 
 
- Fissuring load is ≤ 40→CLASS I 
- 40 < breaking load ≤ 50→ CLASS II 
- 50 < breaking load ≤ 65→ CLASS III 
- 65 < breaking load ≤ 100→ CLASS IV 
- 100 < breaking load ≤ 140→ CLASS V 
 
With the strength class it is necessary to pick up the values of the previously tables 
and determine all the pipe dimensions and the necessary steel.   
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APPENDIX C 
Parametric study for LCA  
 
 
 
 
 
 
 
 
1. INTRODUCTION 
 
 
The aim of this appendix is present all the cases that in order to do the 
environmental study are used. The requirements of the cases are introduced in the section 
2, and in the section 3 all the parameters of the calculations are presented.   
 
2. STUDY CASES OF FLEXIBLE PIPES AND RIGID PIPES 
 
Table C.1. Cases of PVC – LCA 
OD  
(mm) 
Thickness, 
e (mm) 
Strength Proctor N 
Soil friction 
angle 
Backfill Native soil 
300 
7.60 S20.0 
100% ρ' = 0 Group 1 
Group 1 
or 
Group 2 
9.56 S16.0 
11.92 S12.5 
14.79 S10.0 
18.43 S8.0 
22.86 S6.3 
500 
12.30 S20.0 
100% ρ' = 0 Group 1 
Group 1 
or 
Group 2 
15.30 S16.0 
19.10 S12.5 
23.90 S10.0 
29.70 S8.0 
36.80 S6.3 
1000 
24.50 S20.0 
100% ρ' = 0 Group 1 
Group 1 
or 
Group 2 30.60 S16.0 
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Table C.2. Cases of PE – LCA 
OD  
(mm) 
Thickness, 
e (mm) 
Strength Proctor N 
Soil friction 
angle 
Backfill Native soil 
300 
7.60 S20.0 
100% ρ' = 0 Group 1 
Group 1 
or 
Group 2 
9.56 S16.0 
11.92 S12.5 
14.79 S10.0 
18.43 S8.0 
22.86 S6.3 
500 
12.30 S20.0 
100% ρ' = 0 Group 1 
Group 1 
or 
Group 2 
15.30 S16.0 
19.10 S12.5 
23.90 S10.0 
28.30 S8.3 
29.70 S8.0 
36.80 S6.3 
45.40 S5.0 
55.80 S4.0 
1000 
24.50 S20.0 
100% ρ' = 0 Group 1 
Group 1 
or 
Group 2 
30.60 S16.0 
38.20 S12.5 
47.70 S10.0 
56.60 S8.3 
59.30 S8.0 
 
Table C.3. Cases of CONCRETE – LCA 
ID  
(mm) 
Thickness, 
e (mm) 
Class  
Load factor 
(Fa) 
Bedding Backfill 
300 
Thickness B 
50 
60 
90 
135 
180 
4.0 
2.1 
1.1 
Concrete 
Granular (95% P.N) 
Backfill (0% P.N) 
Backfill (95% P.N) 
Granular (95% P.N) 
Backfill (0% P.N) 
Thickness C 
69 
90 
135 
180 
500 
Thickness B 
67 
60 
90 
135 
180 
Thickness C 
86 
90 
135 
180 
1000 
Thickness B 
109 
60 
90 
135 
180 
Thickness C 
126 
90 
135 
180 
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3. PARAMETERS   
Table C.4. Parameters of PVC and PE – LCA 
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PAVEMENT  (4 cm asphalt + 15 cm slab of concrete) 
TRAFFIC LOAD = 0 Tn 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.12 8.70 0.00 19.12 3.01 0.31 13.41 14.28 7.06 52.70 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.13 6.52 0.00 19.13 3.82 0.39 13.47 15.23 7.08 49.25 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 0.00 18.97 1.46 0.30 21.88 26.82 10.31 53.44 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 0.00 18.94 1.85 0.38 22.05 30.31 10.35 50.03 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 0.00 18.93 0.82 0.28 30.59 42.91 13.29 56.05 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 0.00 18.88 1.04 0.36 30.87 51.66 13.35 52.52 YES YES 
1.79 1000 30.6 PE 1 100% ρ' = 0 1 2 1.00 18.55 9.16 0.00 18.55 11.40 1.18 6.42 6.72 3.34 22.40 YES YES 
1.79 1000 30.6 PE 1 100% ρ' = 0 2 2 1.00 18.37 6.98 0.00 18.37 13.99 1.44 6.54 7.27 3.38 21.15 YES YES 
0.28 500 12.3 PE 1 100% ρ' = 0 1 2 1.00 18.37 9.31 0.00 18.37 10.41 2.14 6.85 8.24 3.15 16.16 YES YES 
0.28 500 12.3 PE 1 100% ρ' = 0 2 2 1.00 18.09 7.15 0.00 18.09 12.66 2.60 7.08 9.63 3.22 15.34 YES YES 
0.07 300 7.6 PE 1 100% ρ' = 0 1 2 1.00 18.36 9.31 0.00 18.36 5.72 1.95 9.73 13.53 4.08 16.92 YES YES 
0.07 300 7.6 PE 1 100% ρ' = 0 2 2 1.00 18.07 7.16 0.00 18.07 6.95 2.38 10.18 17.37 4.18 16.06 YES YES 
TRAFFIC LOAD = 12 Tn (2 axles) 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.12 8.70 6.70 25.82 4.95 0.51 6.12 6.23 4.11 39.03 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.13 6.52 5.71 24.83 5.55 0.57 6.67 7.00 4.39 37.93 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 6.82 25.79 2.43 0.50 7.39 7.77 5.01 39.31 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 5.78 24.72 2.72 0.56 8.24 9.05 5.45 38.34 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 6.84 25.77 1.37 0.47 8.52 9.11 5.80 41.16 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 5.79 24.68 1.53 0.52 9.60 10.80 6.37 40.19 YES YES 
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1.79 1000 38.2 PE 1 100% ρ' = 0 1 2 1.00 18.75 9.00 6.70 25.45 10.74 1.12 4.44 4.47 2.98 23.05 YES YES 
1.79 1000 38.2 PE 1 100% ρ' = 0 2 2 1.00 18.65 6.81 5.71 24.36 11.71 1.22 4.87 5.05 3.19 22.51 YES YES 
0.28 500 19.1 PE 1 100% ρ' = 0 1 2 1.00 18.63 9.09 6.82 25.45 5.34 1.11 5.32 5.53 3.60 23.05 YES YES 
0.28 500 19.1 PE 1 100% ρ' = 0 2 2 1.00 18.49 6.91 5.78 24.26 5.79 1.20 5.99 6.49 3.94 22.60 YES YES 
0.07 300 9.56 PE 1 100% ρ' = 0 1 2 1.00 18.46 9.23 6.84 25.30 5.21 1.79 4.01 4.24 2.73 17.49 YES YES 
0.07 300 9.56 PE 1 100% ρ' = 0 2 2 1.00 18.23 7.06 5.79 24.02 5.57 1.92 4.58 5.09 3.03 17.22 YES YES 
TRAFFIC LOAD = 26 Tn (2 axles) 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.12 8.70 10.16 29.28 5.95 0.61 4.78 4.82 3.38 34.42 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.13 6.52 8.66 27.78 6.44 0.66 5.29 5.47 3.67 33.90 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 10.34 29.31 2.94 0.60 5.51 5.68 3.96 34.59 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 8.76 27.71 3.17 0.65 6.23 6.64 4.38 34.21 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 10.38 29.31 1.66 0.57 6.20 6.47 4.49 36.20 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 8.79 27.67 1.79 0.61 7.08 7.67 5.01 35.84 YES YES 
1.79 1000 47.7 PE 1 100% ρ' = 0 1 2 1.00 18.99 8.81 10.16 29.14 7.54 0.79 5.40 5.40 3.82 28.51 YES YES 
1.79 1000 47.7 PE 1 100% ρ' = 0 2 2 1.00 18.96 6.62 8.66 27.62 8.07 0.85 5.99 6.13 4.15 28.12 YES YES 
0.28 500 19.1 PE 1 100% ρ' = 0 1 2 1.00 18.63 9.09 10.34 28.97 6.49 1.35 3.95 4.04 2.84 20.25 YES YES 
0.28 500 19.1 PE 1 100% ρ' = 0 2 2 1.00 18.49 6.91 8.76 27.25 6.79 1.41 4.49 4.74 3.15 20.12 YES YES 
0.07 300 11.92 PE 1 100% ρ' = 0 1 2 1.00 18.61 9.11 10.38 28.99 3.51 1.22 4.55 4.70 3.29 21.52 YES YES 
0.07 300 11.92 PE 1 100% ρ' = 0 2 2 1.00 18.45 6.93 8.79 27.24 3.67 1.27 5.23 5.60 3.69 21.41 YES YES 
TRAFFIC LOAD = 39 Tn (3 axles) 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.12 8.70 15.48 34.60 7.49 0.77 3.58 3.58 2.66 29.12 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.13 6.52 13.61 32.74 7.95 0.81 3.93 4.00 2.87 28.77 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 15.64 34.61 3.70 0.76 3.98 4.05 3.01 29.29 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 13.71 32.65 3.91 0.80 4.43 4.61 3.30 29.03 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 15.67 34.60 2.09 0.71 4.41 4.52 3.36 30.66 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 13.73 32.61 2.21 0.76 4.94 5.18 3.71 30.41 YES YES 
1.79 1000 47.7 PE 1 100% ρ' = 0 1 2 1.00 18.99 8.81 15.48 34.47 9.51 1.00 4.04 4.01 3.00 24.10 YES YES 
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1.79 1000 47.7 PE 1 100% ρ' = 0 2 2 1.00 18.96 6.62 13.61 32.58 9.98 1.05 4.44 4.49 3.25 23.84 YES YES 
0.28 500 23.9 PE 1 100% ρ' = 0 1 2 1.00 18.85 8.92 15.64 34.49 4.71 0.99 4.49 4.52 3.39 24.17 YES YES 
0.28 500 23.9 PE 1 100% ρ' = 0 2 2 1.00 18.78 6.73 13.71 32.49 4.93 1.03 5.01 5.16 3.72 23.99 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 1 2 1.00 18.93 8.86 0.00 18.93 0.82 0.28 30.59 42.91 13.29 56.05 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 2 2 1.00 18.88 6.67 0.00 18.88 1.04 0.36 30.87 51.66 13.35 52.52 YES YES 
TRAFFIC LOAD = 60 Tn (3 axles) 
1.79 1000 30.6 PVC 1 100% ρ' = 0 1 2 1.00 19.32 8.54 23.81 43.14 6.62 0.68 3.99 3.96 3.09 32.91 YES YES 
1.79 1000 30.6 PVC 1 100% ρ' = 0 2 2 1.00 19.36 6.38 20.95 40.31 6.94 0.72 4.41 4.43 3.38 32.92 YES YES 
0.28 500 15.3 PVC 1 100% ρ' = 0 1 2 1.00 19.18 8.66 24.06 43.23 3.31 0.68 4.27 4.29 3.37 32.84 YES YES 
0.28 500 15.3 PVC 1 100% ρ' = 0 2 2 1.00 19.19 6.48 21.09 40.28 3.46 0.71 4.78 4.87 3.72 32.95 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 24.11 43.04 2.77 0.95 3.02 3.05 2.40 24.65 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 21.12 40.00 2.84 0.97 3.40 3.49 2.67 24.79 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 1 2 1.00 19.17 8.66 23.81 42.99 8.67 0.92 4.10 4.04 3.17 25.34 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 2 2 1.00 19.19 6.49 20.95 40.13 8.95 0.95 4.54 4.54 3.47 25.37 YES YES 
0.28 500 29.7 PE 1 100% ρ' = 0 1 2 1.00 19.07 8.75 24.06 43.12 3.94 0.84 4.85 4.83 3.82 27.27 YES YES 
0.28 500 29.7 PE 1 100% ρ' = 0 2 2 1.00 19.06 6.56 21.09 40.15 4.07 0.87 5.43 5.49 4.23 27.39 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 1 2 1.00 18.81 8.95 24.11 42.92 3.49 1.22 3.42 3.42 2.71 20.39 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 2 2 1.00 18.72 6.77 21.12 39.84 3.54 1.24 3.86 3.93 3.03 20.53 YES YES 
PAVEMENT (0 cm asphalt + 15 cm slab of concrete) 
TRAFFIC LOAD = 0 Tn 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.12 8.70 0.00 19.12 3.01 0.31 13.41 14.28 7.06 52.70 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.13 6.52 0.00 19.13 3.82 0.39 13.47 15.23 7.08 49.25 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 0.00 18.97 1.46 0.30 21.88 26.82 10.31 53.44 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 0.00 18.94 1.85 0.38 22.05 30.31 10.35 50.03 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 0.00 18.93 0.82 0.28 30.59 42.91 13.29 56.05 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 0.00 18.88 1.04 0.36 30.87 51.66 13.35 52.52 YES YES 
1.79 1000 30.6 PE 1 100% ρ' = 0 1 2 1.00 18.55 9.16 0.00 18.55 11.40 1.18 6.42 6.72 3.34 22.40 YES YES 
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1.79 1000 30.6 PE 1 100% ρ' = 0 2 2 1.00 18.37 6.98 0.00 18.37 13.99 1.44 6.54 7.27 3.38 21.15 YES YES 
0.28 500 12.3 PE 1 100% ρ' = 0 1 2 1.00 18.37 9.31 0.00 18.37 10.41 2.14 6.85 8.24 3.15 16.16 YES YES 
0.28 500 12.3 PE 1 100% ρ' = 0 2 2 1.00 18.09 7.15 0.00 18.09 12.66 2.60 7.08 9.63 3.22 15.34 YES YES 
0.07 300 7.6 PE 1 100% ρ' = 0 1 2 1.00 18.36 9.31 0.00 18.36 5.72 1.95 9.73 13.53 4.08 16.92 YES YES 
0.07 300 7.6 PE 1 100% ρ' = 0 2 2 1.00 18.07 7.16 0.00 18.07 6.95 2.38 10.18 17.37 4.18 16.06 YES YES 
TRAFFIC LOAD = 12 Tn (2 axles) 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.12 8.70 7.60 26.73 5.21 0.53 5.70 5.78 3.89 37.70 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.13 6.52 6.53 25.66 5.80 0.59 6.22 6.49 4.16 36.71 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 7.79 26.76 2.57 0.53 6.75 7.05 4.67 37.89 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 6.64 25.59 2.85 0.58 7.54 8.19 5.09 37.04 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 7.83 26.76 1.45 0.50 7.72 8.18 5.37 39.65 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 6.67 25.55 1.61 0.55 8.70 9.65 5.90 38.81 YES YES 
1.79 1000 38.2 PE 1 100% ρ' = 0 1 2 1.00 18.75 9.00 7.60 26.36 11.26 1.17 4.15 4.17 2.83 22.35 YES YES 
1.79 1000 38.2 PE 1 100% ρ' = 0 2 2 1.00 18.65 6.81 6.53 25.19 12.18 1.27 4.56 4.71 3.04 21.86 YES YES 
0.28 500 19.1 PE 1 100% ρ' = 0 1 2 1.00 18.63 9.09 7.79 26.42 5.66 1.18 4.86 5.02 3.35 22.20 YES YES 
0.28 500 19.1 PE 1 100% ρ' = 0 2 2 1.00 18.49 6.91 6.64 25.13 6.08 1.26 5.46 5.86 3.68 21.82 YES YES 
0.07 300 9.56 PE 1 100% ρ' = 0 1 2 1.00 18.46 9.23 7.83 26.29 5.53 1.90 3.63 3.81 2.52 16.84 YES YES 
0.07 300 9.56 PE 1 100% ρ' = 0 2 2 1.00 18.23 7.06 6.67 24.90 5.86 2.02 4.14 4.53 2.80 16.62 YES YES 
TRAFFIC LOAD = 26 Tn (2 axles) 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.12 8.70 11.53 30.65 6.35 0.65 4.40 4.42 3.16 32.87 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.13 6.52 9.91 29.03 6.82 0.70 4.87 5.01 3.43 32.44 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 11.81 30.79 3.15 0.65 4.98 5.11 3.64 32.94 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 10.08 29.02 3.37 0.69 5.63 5.94 4.03 32.66 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 11.87 30.80 1.78 0.61 5.57 5.77 4.10 34.44 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 10.11 29.00 1.90 0.65 6.35 6.79 4.58 34.20 YES YES 
1.79 1000 47.7 PE 1 100% ρ' = 0 1 2 1.00 18.99 8.81 11.53 30.52 8.05 0.85 4.97 4.95 3.56 27.22 YES YES 
1.79 1000 47.7 PE 1 100% ρ' = 0 2 2 1.00 18.96 6.62 9.91 28.87 8.55 0.90 5.51 5.61 3.87 26.90 YES YES 
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0.28 500 19.1 PE 1 100% ρ' = 0 1 2 1.00 18.63 9.09 11.81 30.45 6.97 1.45 3.56 3.63 2.61 19.27 YES YES 
0.28 500 19.1 PE 1 100% ρ' = 0 2 2 1.00 18.49 6.91 10.08 28.56 7.23 1.50 4.05 4.24 2.90 19.20 YES YES 
0.07 300 11.92 PE 1 100% ρ' = 0 1 2 1.00 18.61 9.11 11.87 30.49 3.77 1.31 4.07 4.18 3.00 20.46 YES YES 
0.07 300 11.92 PE 1 100% ρ' = 0 2 2 1.00 18.45 6.93 10.11 28.57 3.91 1.36 4.67 4.95 3.37 20.41 YES YES 
TRAFFIC LOAD = 39 Tn (3 axles) 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.12 8.70 16.94 36.06 7.91 0.81 3.34 3.34 2.51 27.94 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.13 6.52 15.19 34.32 8.42 0.86 3.63 3.69 2.69 27.45 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 17.17 36.15 3.92 0.80 3.68 3.73 2.81 28.05 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 15.34 34.28 4.16 0.85 4.05 4.19 3.05 27.65 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 17.23 36.15 2.21 0.76 4.07 4.15 3.13 29.34 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 15.37 34.25 2.35 0.80 4.49 4.68 3.41 28.95 YES YES 
1.79 1000 47.7 PE 1 100% ρ' = 0 1 2 1.00 18.99 8.81 16.94 35.93 10.05 1.06 3.78 3.75 2.83 23.13 YES YES 
1.79 1000 47.7 PE 1 100% ρ' = 0 2 2 1.00 18.96 6.62 15.19 34.16 10.58 1.11 4.10 4.14 3.04 22.74 YES YES 
0.28 500 23.9 PE 1 100% ρ' = 0 1 2 1.00 18.85 8.92 17.17 36.02 5.00 1.05 4.15 4.17 3.17 23.14 YES YES 
0.28 500 23.9 PE 1 100% ρ' = 0 2 2 1.00 18.78 6.73 15.34 34.12 5.24 1.10 4.57 4.69 3.44 22.84 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 1 2 1.00 18.81 8.95 17.23 36.04 2.79 0.98 4.61 4.66 3.54 24.29 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 2 2 1.00 18.72 6.77 15.37 34.09 2.92 1.02 5.10 5.26 3.87 24.00 YES YES 
TRAFFIC LOAD = 60 Tn (3 axles) 
1.79 1000 30.6 PVC 1 100% ρ' = 0 1 2 1.00 19.32 8.54 26.06 45.38 7.05 0.73 3.71 3.68 2.90 31.29 YES YES 
1.79 1000 30.6 PVC 1 100% ρ' = 0 2 2 1.00 19.36 6.38 23.37 42.74 7.44 0.77 4.04 4.06 3.13 31.05 YES YES 
0.28 500 15.3 PVC 1 100% ρ' = 0 1 2 1.00 19.18 8.66 26.42 45.60 3.53 0.73 3.94 3.94 3.13 31.14 YES YES 
0.28 500 15.3 PVC 1 100% ρ' = 0 2 2 1.00 19.19 6.48 23.60 42.79 3.71 0.77 4.34 4.40 3.41 31.02 YES YES 
0.07 300 9.56 PVC 1 100% ρ' = 0 1 2 1.00 19.13 8.70 26.50 45.63 1.99 0.68 4.39 4.41 3.51 33.13 YES YES 
0.07 300 9.56 PVC 1 100% ρ' = 0 2 2 1.00 19.14 6.52 23.65 42.79 2.09 0.72 4.85 4.94 3.85 33.03 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 1 2 1.00 19.17 8.66 26.06 45.23 9.24 0.98 3.81 3.76 2.97 24.08 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 2 2 1.00 19.19 6.49 23.37 42.56 9.60 1.02 4.16 4.15 3.22 23.92 YES YES 
0.28 500 29.7 PE 1 100% ρ' = 0 1 2 1.00 19.07 8.75 26.42 45.49 4.21 0.90 4.47 4.44 3.55 25.86 YES YES 
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0.28 500 29.7 PE 1 100% ρ' = 0 2 2 1.00 19.06 6.56 23.60 42.66 4.37 0.93 4.93 4.97 3.88 25.77 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 1 2 1.00 18.81 8.95 26.50 45.31 3.74 1.31 3.13 3.13 2.51 19.32 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 2 2 1.00 18.72 6.77 23.65 42.37 3.81 1.34 3.48 3.53 2.76 19.31 YES YES 
PAVEMENT (0 cm asphalt + 7.5 cm slab of concrete) 
TRAFFIC LOAD = 0 Tn 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.12 8.70 0.00 19.12 3.01 0.31 13.41 14.28 7.06 52.70 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.13 6.52 0.00 19.13 3.82 0.39 13.47 15.23 7.08 49.25 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 0.00 18.97 1.46 0.30 21.88 26.82 10.31 53.44 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 0.00 18.94 1.85 0.38 22.05 30.31 10.35 50.03 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 0.00 18.93 0.82 0.28 30.59 42.91 13.29 56.05 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 0.00 18.88 1.04 0.36 30.87 51.66 13.35 52.52 YES YES 
1.79 1000 30.6 PE 1 100% ρ' = 0 1 2 1.00 18.55 9.16 0.00 18.55 11.40 1.18 6.42 6.72 3.34 22.40 YES YES 
1.79 1000 30.6 PE 1 100% ρ' = 0 2 2 1.00 18.37 6.98 0.00 18.37 13.99 1.44 6.54 7.27 3.38 21.15 YES YES 
0.28 500 12.3 PE 1 100% ρ' = 0 1 2 1.00 18.37 9.31 0.00 18.37 10.41 2.14 6.85 8.24 3.15 16.16 YES YES 
0.28 500 12.3 PE 1 100% ρ' = 0 2 2 1.00 18.09 7.15 0.00 18.09 12.66 2.60 7.08 9.63 3.22 15.34 YES YES 
0.07 300 7.6 PE 1 100% ρ' = 0 1 2 1.00 18.36 9.31 0.00 18.36 5.72 1.95 9.73 13.53 4.08 16.92 YES YES 
0.07 300 7.6 PE 1 100% ρ' = 0 2 2 1.00 18.07 7.16 0.00 18.07 6.95 2.38 10.18 17.37 4.18 16.06 YES YES 
TRAFFIC LOAD = 12 Tn (2 axles) 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.12 8.70 11.28 30.40 6.27 0.64 4.46 4.49 3.20 33.15 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.13 6.52 10.01 29.14 6.85 0.70 4.83 4.97 3.41 32.33 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 11.85 30.83 3.16 0.65 4.96 5.09 3.63 32.89 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 10.42 29.37 3.42 0.70 5.48 5.78 3.94 32.27 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 11.99 30.91 1.79 0.61 5.52 5.72 4.08 34.31 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 10.52 29.40 1.94 0.66 6.15 6.56 4.46 33.73 YES YES 
1.79 1000 47.7 PE 1 100% ρ' = 0 1 2 1.00 18.99 8.81 11.28 30.27 7.95 0.84 5.04 5.03 3.61 27.45 YES YES 
1.79 1000 47.7 PE 1 100% ρ' = 0 2 2 1.00 18.96 6.62 10.01 28.97 8.59 0.90 5.47 5.58 3.85 26.81 YES YES 
0.28 500 19.1 PE 1 100% ρ' = 0 1 2 1.00 18.63 9.09 11.85 30.49 6.99 1.45 3.55 3.62 2.60 19.24 YES YES 
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0.28 500 19.1 PE 1 100% ρ' = 0 2 2 1.00 18.49 6.91 10.42 28.91 7.34 1.53 3.95 4.12 2.84 18.97 YES YES 
0.07 300 11.92 PE 1 100% ρ' = 0 1 2 1.00 18.61 9.11 11.99 30.60 3.79 1.32 4.04 4.15 2.98 20.39 YES YES 
0.07 300 11.92 PE 1 100% ρ' = 0 2 2 1.00 18.45 6.93 10.52 28.97 3.98 1.38 4.53 4.78 3.28 20.13 YES YES 
TRAFFIC LOAD = 26 Tn (2 axles) 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.32 8.54 17.11 36.43 5.34 0.55 5.15 5.14 3.87 38.97 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.36 6.38 15.18 34.55 5.76 0.59 5.61 5.68 4.16 38.42 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 17.98 36.95 4.03 0.83 3.55 3.59 2.72 27.44 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 15.81 34.75 4.23 0.87 3.95 4.08 2.99 27.27 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 18.18 37.11 2.29 0.78 3.88 3.95 3.00 28.59 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 15.95 34.84 2.40 0.82 4.35 4.52 3.32 28.47 YES YES 
1.79 1000 47.7 PE 1 100% ρ' = 0 1 2 1.00 18.99 8.81 17.11 36.10 10.11 1.06 3.75 3.72 2.81 23.02 YES YES 
1.79 1000 47.7 PE 1 100% ρ' = 0 2 2 1.00 18.96 6.62 15.18 34.15 10.58 1.11 4.11 4.14 3.04 22.75 YES YES 
0.28 500 23.9 PE 1 100% ρ' = 0 1 2 1.00 18.85 8.92 17.98 36.83 5.14 1.08 4.00 4.01 3.06 22.64 YES YES 
0.28 500 23.9 PE 1 100% ρ' = 0 2 2 1.00 18.78 6.73 15.81 34.59 5.33 1.12 4.46 4.56 3.37 22.53 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 1 2 1.00 18.81 8.95 18.18 36.99 2.88 1.01 4.39 4.44 3.40 23.66 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 2 2 1.00 18.72 6.77 15.95 34.68 2.99 1.05 4.94 5.09 3.76 23.59 YES YES 
TRAFFIC LOAD = 39 Tn (3 axles) 
1.79 1000 30.6 PVC 1 100% ρ' = 0 1 2 1.00 19.32 8.54 21.46 40.78 6.17 0.64 4.33 4.31 3.33 34.81 YES YES 
1.79 1000 30.6 PVC 1 100% ρ' = 0 2 2 1.00 19.36 6.38 20.05 39.41 6.76 0.70 4.56 4.59 3.48 33.68 YES YES 
0.28 500 15.3 PVC 1 100% ρ' = 0 1 2 1.00 19.18 8.66 22.20 41.38 3.13 0.65 4.58 4.60 3.58 34.31 YES YES 
0.28 500 15.3 PVC 1 100% ρ' = 0 2 2 1.00 19.19 6.48 20.59 39.78 3.41 0.70 4.87 4.97 3.79 33.36 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 22.38 41.30 2.63 0.90 3.23 3.27 2.55 25.68 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 20.71 39.59 2.80 0.96 3.46 3.56 2.71 25.05 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 1 2 1.00 19.17 8.66 21.46 40.63 8.08 0.86 4.45 4.40 3.42 26.81 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 2 2 1.00 19.19 6.49 20.05 39.23 8.71 0.92 4.70 4.70 3.58 25.95 YES YES 
0.28 500 23.9 PE 1 100% ρ' = 0 1 2 1.00 18.85 8.92 22.20 41.05 5.92 1.24 3.34 3.33 2.61 20.31 YES YES 
0.28 500 23.9 PE 1 100% ρ' = 0 2 2 1.00 18.78 6.73 20.59 39.37 6.24 1.31 3.57 3.62 2.77 19.80 YES YES 
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0.07 300 14.79 PE 1 100% ρ' = 0 1 2 1.00 18.81 8.95 22.38 41.19 3.32 1.16 3.65 3.67 2.88 21.25 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 2 2 1.00 18.72 6.77 20.71 39.43 3.49 1.22 3.92 4.00 3.07 20.75 YES YES 
TRAFFIC LOAD = 60 Tn (3 axles) 
1.79 1000 30.6 PVC 1 100% ρ' = 0 1 2 1.00 19.32 8.54 33.01 52.33 8.38 0.86 3.05 3.02 2.43 27.13 NO YES 
1.79 1000 30.6 PVC 1 100% ρ' = 0 2 2 1.00 19.36 6.38 30.84 50.20 8.97 0.92 3.22 3.22 2.55 26.43 YES YES 
0.28 500 15.3 PVC 1 100% ρ' = 0 1 2 1.00 19.18 8.66 34.16 53.34 4.27 0.88 3.13 3.12 2.54 26.62 YES YES 
0.28 500 15.3 PVC 1 100% ρ' = 0 2 2 1.00 19.19 6.48 31.67 50.86 4.54 0.94 3.35 3.37 2.70 26.09 YES YES 
0.07 300 9.56 PVC 1 100% ρ' = 0 1 2 1.00 19.13 8.70 34.43 53.56 2.41 0.83 3.46 3.45 2.81 28.23 YES YES 
0.07 300 9.56 PVC 1 100% ρ' = 0 2 2 1.00 19.14 6.52 31.86 51.00 2.57 0.88 3.70 3.74 3.00 27.71 YES YES 
1.79 1000 59.3 PE 1 100% ρ' = 0 1 2 1.00 19.22 8.63 33.01 52.23 10.03 1.07 3.44 3.38 2.74 22.46 YES YES 
1.79 1000 59.3 PE 1 100% ρ' = 0 2 2 1.00 19.24 6.46 30.84 50.08 10.61 1.13 3.64 3.61 2.88 21.90 YES YES 
0.28 500 29.7 PE 1 100% ρ' = 0 1 2 1.00 19.07 8.75 34.16 53.23 5.10 1.08 3.55 3.52 2.87 22.10 YES YES 
0.28 500 29.7 PE 1 100% ρ' = 0 2 2 1.00 19.06 6.56 31.67 50.73 5.35 1.14 3.80 3.80 3.06 21.67 YES YES 
0.07 300 18.43 PE 1 100% ρ' = 0 1 2 1.00 19.02 8.78 34.43 53.45 2.88 1.02 3.87 3.84 3.15 23.22 YES YES 
0.07 300 18.43 PE 1 100% ρ' = 0 2 2 1.00 19.00 6.60 31.86 50.86 3.02 1.07 4.16 4.17 3.37 22.81 YES YES 
PAVEMENT (0 cm asphalt + 0 cm slab of concrete) 
TRAFFIC LOAD = 0 Tn 
1.79 1000 24.5 PVC 1 100% ρ' = 0 1 2 1.00 19.12 8.70 0.00 19.12 3.01 0.31 13.41 14.28 7.06 52.70 YES YES 
1.79 1000 24.5 PVC 1 100% ρ' = 0 2 2 1.00 19.13 6.52 0.00 19.13 3.82 0.39 13.47 15.23 7.08 49.25 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 1 2 1.00 18.97 8.82 0.00 18.97 1.46 0.30 21.88 26.82 10.31 53.44 YES YES 
0.28 500 12.3 PVC 1 100% ρ' = 0 2 2 1.00 18.94 6.63 0.00 18.94 1.85 0.38 22.05 30.31 10.35 50.03 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 1 2 1.00 18.93 8.86 0.00 18.93 0.82 0.28 30.59 42.91 13.29 56.05 YES YES 
0.07 300 7.6 PVC 1 100% ρ' = 0 2 2 1.00 18.88 6.67 0.00 18.88 1.04 0.36 30.87 51.66 13.35 52.52 YES YES 
1.79 1000 30.6 PE 1 100% ρ' = 0 1 2 1.00 18.55 9.16 0.00 18.55 11.40 1.18 6.42 6.72 3.34 22.40 YES YES 
1.79 1000 30.6 PE 1 100% ρ' = 0 2 2 1.00 18.37 6.98 0.00 18.37 13.99 1.44 6.54 7.27 3.38 21.15 YES YES 
0.28 500 12.3 PE 1 100% ρ' = 0 1 2 1.00 18.37 9.31 0.00 18.37 10.41 2.14 6.85 8.24 3.15 16.16 YES YES 
0.28 500 12.3 PE 1 100% ρ' = 0 2 2 1.00 18.09 7.15 0.00 18.09 12.66 2.60 7.08 9.63 3.22 15.34 YES YES 
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0.07 300 7.6 PE 1 100% ρ' = 0 1 2 1.00 18.36 9.31 0.00 18.36 5.72 1.95 9.73 13.53 4.08 16.92 YES YES 
0.07 300 7.6 PE 1 100% ρ' = 0 2 2 1.00 18.07 7.16 0.00 18.07 6.95 2.38 10.18 17.37 4.18 16.06 YES YES 
TRAFFIC LOAD = 12 Tn (2 axles) 
1.79 1000 30.6 PVC 1 100% ρ' = 0 1 2 1.00 19.32 8.54 20.81 40.13 6.05 0.62 4.44 4.42 3.40 35.38 YES YES 
1.79 1000 30.6 PVC 1 100% ρ' = 0 2 2 1.00 19.36 6.38 20.81 40.17 6.91 0.71 4.43 4.46 3.39 33.04 YES YES 
0.28 500 15.3 PVC 1 100% ρ' = 0 1 2 1.00 19.18 8.66 23.46 42.63 3.25 0.67 4.37 4.39 3.44 33.30 YES YES 
0.28 500 15.3 PVC 1 100% ρ' = 0 2 2 1.00 19.19 6.48 23.46 42.65 3.70 0.76 4.36 4.43 3.43 31.12 YES YES 
0.07 300 9.56 PVC 1 100% ρ' = 0 1 2 1.00 19.13 8.70 24.15 43.28 1.86 0.64 4.77 4.81 3.79 34.93 YES YES 
0.07 300 9.56 PVC 1 100% ρ' = 0 2 2 1.00 19.14 6.52 24.15 43.29 2.12 0.73 4.76 4.85 3.78 32.65 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 1 2 1.00 19.17 8.66 20.81 39.98 7.91 0.84 4.56 4.51 3.49 27.24 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 2 2 1.00 19.19 6.49 20.81 39.99 8.91 0.94 4.56 4.56 3.49 25.46 YES YES 
0.28 500 23.9 PE 1 100% ρ' = 0 1 2 1.00 18.85 8.92 23.46 42.31 6.16 1.29 3.18 3.18 2.50 19.70 YES YES 
0.28 500 23.9 PE 1 100% ρ' = 0 2 2 1.00 18.78 6.73 23.46 42.24 6.79 1.43 3.19 3.22 2.50 18.45 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 1 2 1.00 18.81 8.95 24.15 42.96 3.50 1.23 3.41 3.42 2.71 20.37 YES YES 
0.07 300 14.79 PE 1 100% ρ' = 0 2 2 1.00 18.72 6.77 24.15 42.87 3.86 1.35 3.42 3.46 2.71 19.08 YES YES 
TRAFFIC LOAD = 26 Tn (2 axles) 
1.79 1000 30.6 PVC 1 100% ρ' = 0 1 2 1.00 19.32 8.54 31.56 50.88 8.10 0.84 3.17 3.13 2.51 27.90 YES YES 
1.79 1000 30.6 PVC 1 100% ρ' = 0 2 2 1.00 19.36 6.38 31.56 50.92 9.11 0.94 3.16 3.16 2.51 26.06 YES YES 
0.28 500 19.1 PVC 1 100% ρ' = 0 1 2 1.00 19.34 8.53 35.58 54.92 3.23 0.67 4.70 4.67 3.82 36.49 YES YES 
0.28 500 19.1 PVC 1 100% ρ' = 0 2 2 1.00 19.39 6.37 35.58 54.97 3.68 0.76 4.68 4.69 3.80 34.08 YES YES 
0.07 300 9.56 PVC 1 100% ρ' = 0 1 2 1.00 19.13 8.70 36.62 55.75 2.53 0.87 3.26 3.26 2.67 27.12 YES YES 
0.07 300 9.56 PVC 1 100% ρ' = 0 2 2 1.00 19.14 6.52 36.62 55.76 2.84 0.98 3.26 3.28 2.66 25.34 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 1 2 1.00 19.17 8.66 31.56 50.73 10.63 1.13 3.25 3.20 2.58 21.47 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 2 2 1.00 19.19 6.49 31.56 50.75 11.78 1.25 3.25 3.22 2.58 20.06 YES YES 
0.28 500 29.7 PE 1 100% ρ' = 0 1 2 1.00 19.07 8.75 35.58 54.65 5.26 1.12 3.42 3.39 2.78 21.52 YES YES 
0.28 500 29.7 PE 1 100% ρ' = 0 2 2 1.00 19.06 6.56 35.58 54.64 5.83 1.24 3.42 3.41 2.78 20.12 YES YES 
0.07 300 18.43 PE 1 100% ρ' = 0 1 2 1.00 19.02 8.78 36.62 55.64 3.02 1.07 3.66 3.63 2.99 22.31 YES YES 
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0.07 300 18.43 PE 1 100% ρ' = 0 2 2 1.00 19.00 6.60 36.62 55.62 3.35 1.19 3.65 3.65 2.99 20.86 YES YES 
TRAFFIC LOAD = 39 Tn (3 axles) 
1.79 1000 30.6 PVC 1 100% ρ' = 0 1 2 1.00 19.32 8.54 31.32 50.64 8.06 0.83 3.19 3.16 2.53 28.03 YES YES 
1.79 1000 30.6 PVC 1 100% ρ' = 0 2 2 1.00 19.36 6.38 31.32 50.68 9.06 0.93 3.18 3.18 2.52 26.19 YES YES 
0.28 500 19.1 PVC 1 100% ρ' = 0 1 2 1.00 19.34 8.53 34.76 54.10 3.17 0.66 4.80 4.77 3.89 37.04 YES YES 
0.28 500 19.1 PVC 1 100% ρ' = 0 2 2 1.00 19.39 6.37 34.76 54.15 3.61 0.75 4.78 4.79 3.88 34.59 YES YES 
0.07 300 9.56 PVC 1 100% ρ' = 0 1 2 1.00 19.13 8.70 35.66 54.79 2.48 0.85 3.35 3.34 2.73 27.59 YES YES 
0.07 300 9.56 PVC 1 100% ρ' = 0 2 2 1.00 19.14 6.52 35.66 54.80 2.79 0.96 3.34 3.36 2.73 25.79 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 1 2 1.00 19.17 8.66 31.32 50.49 10.57 1.12 3.27 3.22 2.59 21.57 YES YES 
1.79 1000 56.6 PE 1 100% ρ' = 0 2 2 1.00 19.19 6.49 31.32 50.51 11.71 1.24 3.27 3.25 2.59 20.16 YES YES 
0.28 500 29.7 PE 1 100% ρ' = 0 1 2 1.00 19.07 8.75 34.76 53.83 5.17 1.10 3.50 3.46 2.83 21.85 YES YES 
0.28 500 29.7 PE 1 100% ρ' = 0 2 2 1.00 19.06 6.56 34.76 53.83 5.73 1.22 3.50 3.49 2.83 20.43 YES YES 
0.07 300 18.43 PE 1 100% ρ' = 0 1 2 1.00 19.02 8.78 35.66 54.68 2.96 1.05 3.75 3.72 3.06 22.70 YES YES 
0.07 300 18.43 PE 1 100% ρ' = 0 2 2 1.00 19.00 6.60 35.66 54.66 3.28 1.17 3.75 3.75 3.06 21.22 YES YES 
TRAFFIC LOAD = 60 Tn (3 axles) 
1.79 1000 30.6 PVC 1 100% ρ' = 0 1 2 1.00 19.32 8.54 48.19 67.51 11.28 1.16 2.19 2.16 1.79 21.03 NO NO 
1.79 1000 30.6 PVC 1 100% ρ' = 0 2 2 1.00 19.36 6.38 48.19 67.55 12.51 1.29 2.19 2.17 1.79 19.65 NO NO 
0.28 500 19.1 PVC 1 100% ρ' = 0 1 2 1.00 19.34 8.53 53.48 72.82 4.47 0.93 3.24 3.21 2.69 27.52 YES YES 
0.28 500 19.1 PVC 1 100% ρ' = 0 2 2 1.00 19.39 6.37 53.48 72.87 5.03 1.05 3.23 3.21 2.68 25.70 YES YES 
0.07 300 11.92 PVC 1 100% ρ' = 0 1 2 1.00 19.29 8.57 54.86 74.15 2.61 0.91 3.48 3.45 2.91 28.73 YES YES 
0.07 300 11.92 PVC 1 100% ρ' = 0 2 2 1.00 19.34 6.40 54.86 74.20 2.94 1.02 3.47 3.45 2.90 26.84 YES YES 
1.79 1000 59.3 PE 1 100% ρ' = 0 1 2 1.00 19.22 8.63 48.19 67.40 13.52 1.44 2.47 2.43 2.02 17.40 NO YES 
1.79 1000 59.3 PE 1 100% ρ' = 0 2 2 1.00 19.24 6.46 48.19 67.43 14.82 1.58 2.47 2.44 2.02 16.26 NO YES 
0.28 500 36.8 PE 1 100% ρ' = 0 1 2 1.00 19.26 8.60 53.48 72.74 5.04 1.09 3.66 3.59 3.04 22.82 YES YES 
0.28 500 36.8 PE 1 100% ρ' = 0 2 2 1.00 19.29 6.43 53.48 72.77 5.62 1.21 3.65 3.61 3.03 21.32 YES YES 
0.07 300 22.86 PE 1 100% ρ' = 0 1 2 1.00 19.20 8.64 54.86 74.07 2.92 1.06 3.90 3.84 3.26 23.71 YES YES 
0.07 300 22.86 PE 1 100% ρ' = 0 2 2 1.00 19.23 6.46 54.86 74.09 3.27 1.18 3.89 3.85 3.25 22.15 YES YES 
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Table C.5. Parameters of concrete – LCA 
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PAVEMENT  (4 cm asphalt + 15 cm slab of concrete) 
TRAFFIC LOAD = 0 Tn 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 4.00 9.14 6.09 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 2.10 17.40 11.60 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 1.10 33.22 22.15 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 4.00 9.51 6.34 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 2.10 18.11 12.08 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 1.10 34.58 23.05 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 4.00 10.00 6.67 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 2.10 19.05 12.70 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 1.10 36.36 24.24 60.00 
TRAFFIC LOAD = 12 Tn (2 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 6.70 4.00 11.65 7.76 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 6.70 2.10 22.18 14.79 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 6.70 1.10 42.35 28.23 60.00 
0.28 500 CONCRETE 1 1.00 12.68 6.82 4.00 12.07 8.04 60.00 
0.28 500 CONCRETE 1 1.00 12.68 6.82 2.10 22.98 15.32 60.00 
0.28 500 CONCRETE 1 1.00 12.68 6.82 1.10 43.88 29.25 60.00 
0.07 300 CONCRETE 1 1.00 8.00 6.84 4.00 12.57 8.38 60.00 
0.07 300 CONCRETE 1 1.00 8.00 6.84 2.10 23.94 15.96 60.00 
0.07 300 CONCRETE 1 1.00 8.00 6.84 1.10 45.70 30.46 60.00 
TRAFFIC LOAD = 26 Tn (2 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 10.16 4.00 12.94 8.63 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 10.16 2.10 24.65 16.44 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 10.16 1.10 47.07 31.38 60.00 
0.28 500 CONCRETE 1 1.00 12.68 10.34 4.00 13.39 8.92 60.00 
0.28 500 CONCRETE 1 1.00 12.68 10.34 2.10 25.50 17.00 60.00 
0.28 500 CONCRETE 1 1.00 12.68 10.34 1.10 48.68 32.45 60.00 
0.07 300 CONCRETE 1 1.00 8.00 10.38 4.00 13.89 9.26 60.00 
0.07 300 CONCRETE 1 1.00 8.00 10.38 2.10 26.46 17.64 60.00 
0.07 300 CONCRETE 1 1.00 8.00 10.38 1.10 50.52 33.68 60.00 
TRAFFIC LOAD = 39 Tn (3 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 15.48 4.00 14.94 9.96 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 15.48 2.10 28.46 18.97 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 15.48 1.10 54.33 36.22 60.00 
0.28 500 CONCRETE 1 1.00 12.68 15.64 4.00 15.37 10.25 60.00 
0.28 500 CONCRETE 1 1.00 12.68 15.64 2.10 29.28 19.52 60.00 
0.28 500 CONCRETE 1 1.00 12.68 15.64 1.10 55.91 37.27 60.00 
0.07 300 CONCRETE 1 1.00 8.00 15.67 4.00 15.88 10.58 60.00 
0.07 300 CONCRETE 1 1.00 8.00 15.67 2.10 30.24 20.16 60.00 
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0.07 300 CONCRETE 1 1.00 8.00 15.67 1.10 57.73 38.49 60.00 
TRAFFIC LOAD = 60 Tn (3 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 23.81 4.00 18.07 12.04 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 23.81 2.10 34.41 22.94 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 23.81 1.10 65.69 43.80 90.00 
0.28 500 CONCRETE 1 1.00 12.68 24.06 4.00 18.53 12.35 60.00 
0.28 500 CONCRETE 1 1.00 12.68 24.06 2.10 35.30 23.53 60.00 
0.28 500 CONCRETE 1 1.00 12.68 24.06 1.10 67.39 44.92 90.00 
0.07 300 CONCRETE 1 1.00 8.00 24.11 4.00 19.04 12.69 60.00 
0.07 300 CONCRETE 1 1.00 8.00 24.11 2.10 36.27 24.18 60.00 
0.07 300 CONCRETE 1 1.00 8.00 24.11 1.10 69.24 46.16 90.00 
PAVEMENT  (0 cm asphalt + 15 cm slab of concrete) 
TRAFFIC LOAD = 0 Tn 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 4.00 9.14 6.09 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 2.10 17.40 11.60 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 1.10 33.22 22.15 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 4.00 9.51 6.34 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 2.10 18.11 12.08 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 1.10 34.58 23.05 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 4.00 10.00 6.67 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 2.10 19.05 12.70 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 1.10 36.36 24.24 60.00 
TRAFFIC LOAD = 12 Tn (2 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 7.60 4.00 11.99 7.99 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 7.60 2.10 22.83 15.22 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 7.60 1.10 43.59 29.06 60.00 
0.28 500 CONCRETE 1 1.00 12.68 7.79 4.00 12.43 8.29 60.00 
0.28 500 CONCRETE 1 1.00 12.68 7.79 2.10 23.68 15.78 60.00 
0.28 500 CONCRETE 1 1.00 12.68 7.79 1.10 45.20 30.13 60.00 
0.07 300 CONCRETE 1 1.00 8.00 7.83 4.00 12.94 8.62 60.00 
0.07 300 CONCRETE 1 1.00 8.00 7.83 2.10 24.64 16.43 60.00 
0.07 300 CONCRETE 1 1.00 8.00 7.83 1.10 47.04 31.36 60.00 
TRAFFIC LOAD = 26 Tn (2 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 11.53 4.00 13.46 8.97 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 11.53 2.10 25.64 17.09 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 11.53 1.10 48.95 32.63 60.00 
0.28 500 CONCRETE 1 1.00 12.68 11.81 4.00 13.94 9.29 60.00 
0.28 500 CONCRETE 1 1.00 12.68 11.81 2.10 26.55 17.70 60.00 
0.28 500 CONCRETE 1 1.00 12.68 11.81 1.10 50.69 33.79 60.00 
0.07 300 CONCRETE 1 1.00 8.00 11.87 4.00 14.45 9.63 60.00 
0.07 300 CONCRETE 1 1.00 8.00 11.87 2.10 27.53 18.35 60.00 
0.07 300 CONCRETE 1 1.00 8.00 11.87 1.10 52.55 35.04 60.00 
TRAFFIC LOAD = 39 Tn (3 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 16.94 4.00 15.49 10.32 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 16.94 2.10 29.50 19.66 60.00 
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1.79 1000 CONCRETE 1 1.00 24.36 16.94 1.10 56.31 37.54 60.00 
0.28 500 CONCRETE 1 1.00 12.68 17.17 4.00 15.95 10.63 60.00 
0.28 500 CONCRETE 1 1.00 12.68 17.17 2.10 30.38 20.25 60.00 
0.28 500 CONCRETE 1 1.00 12.68 17.17 1.10 58.00 38.67 60.00 
0.07 300 CONCRETE 1 1.00 8.00 17.23 4.00 16.46 10.97 60.00 
0.07 300 CONCRETE 1 1.00 8.00 17.23 2.10 31.35 20.90 60.00 
0.07 300 CONCRETE 1 1.00 8.00 17.23 1.10 59.85 39.90 60.00 
TRAFFIC LOAD = 60 Tn (3 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 26.06 4.00 18.91 12.60 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 26.06 2.10 36.01 24.01 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 26.06 1.10 68.75 45.83 90.00 
0.28 500 CONCRETE 1 1.00 12.68 26.42 4.00 19.42 12.95 60.00 
0.28 500 CONCRETE 1 1.00 12.68 26.42 2.10 36.99 24.66 60.00 
0.28 500 CONCRETE 1 1.00 12.68 26.42 1.10 70.61 47.07 90.00 
0.07 300 CONCRETE 1 1.00 8.00 26.50 4.00 19.94 13.29 60.00 
0.07 300 CONCRETE 1 1.00 8.00 26.50 2.10 37.98 25.32 60.00 
0.07 300 CONCRETE 1 1.00 8.00 26.50 1.10 72.50 48.34 90.00 
PAVEMENT  (0 cm asphalt + 7.5 cm slab of concrete) 
TRAFFIC LOAD = 0 Tn 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 4.00 9.14 6.09 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 2.10 17.40 11.60 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 1.10 33.22 22.15 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 4.00 9.51 6.34 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 2.10 18.11 12.08 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 1.10 34.58 23.05 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 4.00 10.00 6.67 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 2.10 19.05 12.70 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 1.10 36.36 24.24 60.00 
TRAFFIC LOAD = 12 Tn (2 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 11.28 4.00 13.36 8.91 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 11.28 2.10 25.46 16.97 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 11.28 1.10 48.60 32.40 60.00 
0.28 500 CONCRETE 1 1.00 12.68 11.85 4.00 13.95 9.30 60.00 
0.28 500 CONCRETE 1 1.00 12.68 11.85 2.10 26.58 17.72 60.00 
0.28 500 CONCRETE 1 1.00 12.68 11.85 1.10 50.74 33.83 60.00 
0.07 300 CONCRETE 1 1.00 8.00 11.99 4.00 14.49 9.66 60.00 
0.07 300 CONCRETE 1 1.00 8.00 11.99 2.10 27.61 18.41 60.00 
0.07 300 CONCRETE 1 1.00 8.00 11.99 1.10 52.71 35.14 60.00 
TRAFFIC LOAD = 26 Tn (2 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 17.11 4.00 15.55 10.37 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 17.11 2.10 29.62 19.75 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 17.11 1.10 56.54 37.70 60.00 
0.28 500 CONCRETE 1 1.00 12.68 17.98 4.00 16.25 10.83 60.00 
0.28 500 CONCRETE 1 1.00 12.68 17.98 2.10 30.95 20.64 60.00 
0.28 500 CONCRETE 1 1.00 12.68 17.98 1.10 59.10 39.40 60.00 
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0.07 300 CONCRETE 1 1.00 8.00 18.18 4.00 16.82 11.21 60.00 
0.07 300 CONCRETE 1 1.00 8.00 18.18 2.10 32.03 21.36 60.00 
0.07 300 CONCRETE 1 1.00 8.00 18.18 1.10 61.15 40.77 90.00 
TRAFFIC LOAD = 39 Tn (3 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 21.46 4.00 17.18 11.45 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 21.46 2.10 32.73 21.82 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 21.46 1.10 62.48 41.65 90.00 
0.28 500 CONCRETE 1 1.00 12.68 22.20 4.00 17.84 11.89 60.00 
0.28 500 CONCRETE 1 1.00 12.68 22.20 2.10 33.97 22.65 60.00 
0.28 500 CONCRETE 1 1.00 12.68 22.20 1.10 64.86 43.24 90.00 
0.07 300 CONCRETE 1 1.00 8.00 22.38 4.00 18.39 12.26 60.00 
0.07 300 CONCRETE 1 1.00 8.00 22.38 2.10 35.03 23.35 60.00 
0.07 300 CONCRETE 1 1.00 8.00 22.38 1.10 66.88 44.59 90.00 
TRAFFIC LOAD = 60 Tn (3 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 33.01 4.00 21.51 14.34 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 33.01 2.10 40.98 27.32 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 33.01 1.10 78.23 52.16 90.00 
0.28 500 CONCRETE 1 1.00 12.68 34.16 4.00 22.32 14.88 60.00 
0.28 500 CONCRETE 1 1.00 12.68 34.16 2.10 42.51 28.34 60.00 
0.28 500 CONCRETE 1 1.00 12.68 34.16 1.10 81.16 54.11 90.00 
0.07 300 CONCRETE 1 1.00 8.00 34.43 4.00 22.91 15.27 60.00 
0.07 300 CONCRETE 1 1.00 8.00 34.43 2.10 43.64 29.09 60.00 
0.07 300 CONCRETE 1 1.00 8.00 34.43 1.10 83.31 55.54 90.00 
PAVEMENT  (0 cm asphalt + 0 cm slab of concrete) 
TRAFFIC LOAD = 0 Tn 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 4.00 9.14 6.09 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 2.10 17.40 11.60 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 0.00 1.10 33.22 22.15 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 4.00 9.51 6.34 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 2.10 18.11 12.08 60.00 
0.28 500 CONCRETE 1 1.00 12.68 0.00 1.10 34.58 23.05 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 4.00 10.00 6.67 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 2.10 19.05 12.70 60.00 
0.07 300 CONCRETE 1 1.00 8.00 0.00 1.10 36.36 24.24 60.00 
TRAFFIC LOAD = 12 Tn (2 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 20.81 4.00 16.94 11.29 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 20.81 2.10 32.26 21.51 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 20.81 1.10 61.59 41.06 90.00 
0.28 500 CONCRETE 1 1.00 12.68 23.46 4.00 18.31 12.20 60.00 
0.28 500 CONCRETE 1 1.00 12.68 23.46 2.10 34.87 23.25 60.00 
0.28 500 CONCRETE 1 1.00 12.68 23.46 1.10 66.57 44.38 90.00 
0.07 300 CONCRETE 1 1.00 8.00 24.15 4.00 19.05 12.70 60.00 
0.07 300 CONCRETE 1 1.00 8.00 24.15 2.10 36.29 24.20 60.00 
0.07 300 CONCRETE 1 1.00 8.00 24.15 1.10 69.29 46.19 90.00 
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TRAFFIC LOAD = 26 Tn (2 axles) 
1.79 1000.00 CONCRETE 1.00 1.00 24.36 31.56 4.00 20.97 13.98 60.00 
1.79 1000.00 CONCRETE 1.00 1.00 24.36 31.56 2.10 39.94 26.63 60.00 
1.79 1000.00 CONCRETE 1.00 1.00 24.36 31.56 1.10 76.25 50.84 90.00 
0.28 500.00 CONCRETE 1.00 1.00 12.68 35.58 4.00 22.85 15.23 60.00 
0.28 500.00 CONCRETE 1.00 1.00 12.68 35.58 2.10 43.53 29.02 60.00 
0.28 500.00 CONCRETE 1.00 1.00 12.68 35.58 1.10 83.10 55.40 90.00 
0.07 300.00 CONCRETE 1.00 1.00 8.00 36.62 4.00 23.73 15.82 60.00 
0.07 300.00 CONCRETE 1.00 1.00 8.00 36.62 2.10 45.21 30.14 60.00 
0.07 300.00 CONCRETE 1.00 1.00 8.00 36.62 1.10 86.30 57.53 90.00 
TRAFFIC LOAD = 39 Tn (3 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 31.32 4.00 20.88 13.92 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 31.32 2.10 39.77 26.51 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 31.32 1.10 75.93 50.62 90.00 
0.28 500 CONCRETE 1 1.00 12.68 34.76 4.00 22.55 15.03 60.00 
0.28 500 CONCRETE 1 1.00 12.68 34.76 2.10 42.95 28.63 60.00 
0.28 500 CONCRETE 1 1.00 12.68 34.76 1.10 81.99 54.66 90.00 
0.07 300 CONCRETE 1 1.00 8.00 35.66 4.00 23.37 15.58 60.00 
0.07 300 CONCRETE 1 1.00 8.00 35.66 2.10 44.52 29.68 60.00 
0.07 300 CONCRETE 1 1.00 8.00 35.66 1.10 84.99 56.66 90.00 
TRAFFIC LOAD = 60 Tn (3 axles) 
1.79 1000 CONCRETE 1 1.00 24.36 48.19 4.00 27.20 18.14 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 48.19 2.10 51.82 34.55 60.00 
1.79 1000 CONCRETE 1 1.00 24.36 48.19 1.10 98.93 65.95 135.00 
0.28 500 CONCRETE 1 1.00 12.68 53.48 4.00 29.57 19.71 60.00 
0.28 500 CONCRETE 1 1.00 12.68 53.48 2.10 56.32 37.54 60.00 
0.28 500 CONCRETE 1 1.00 12.68 53.48 1.10 107.51 71.68 135.00 
0.07 300 CONCRETE 1 1.00 8.00 54.86 4.00 30.57 20.38 60.00 
0.07 300 CONCRETE 1 1.00 8.00 54.86 2.10 58.23 38.82 60.00 
0.07 300 CONCRETE 1 1.00 8.00 54.86 1.10 111.17 74.12 135.00 
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Table C.5. Parameters of 5 cases – LCA 
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CASE 1 CASE 2 CASE 3 CASE 4 CASE 5 
Concrete PVC PVC + Concrete PE PE + Concrete 
DN  
(mm) 
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Fa e (mm) Class e (mm) e (mm) 
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(mm) 
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1000 
0 Tn 1.1 109 60 24.5 24.5 109 30.6 24.5 109 
12 Tn 1.1 109 60 24.5 24.5 109 38.2 24.5 109 
26 Tn 1.1 109 60 24.5 24.5 109 47.7 24.5 109 
39 Tn 1.1 109 60 24.5 24.5 109 47.7 24.5 109 
60 Tn 1.1 109 / 126 90 30.6 24.5 109 56.6 24.5 109 
500 
0 Tn 1.1 67 60 12.3 12.3 67 12.3 12.3 67 
12 Tn 1.1 67 60 12.3 12.3 67 19.1 12.3 67 
26 Tn 1.1 67 60 12.3 12.3 67 19.1 12.3 67 
39 Tn 1.1 67 60 12.3 12.3 67 23.9 12.3 67 
60 Tn 1.1 67 / 86 90 15.3 12.3 67 29.7 12.3 67 
300 
0 Tn 1.1 50 60 7.6 7.6 50 7.6 7.6 50 
12 Tn 1.1 50 60 7.6 7.6 50 9.56 7.6 50 
26 Tn 1.1 50 60 7.6 7.6 50 11.92 7.6 50 
39 Tn 1.1 50 60 7.6 7.6 50 14.79 7.6 50 
60 Tn 1.1 50 / 69 90 7.6 7.6 50 14.79 7.6 50 
0
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1000 
0 Tn 1.1 109 60 24.5 24.5 109 30.6 24.5 109 
12 Tn 1.1 109 / 126 90 30.6 24.5 109 56.6 24.5 109 
26 Tn 1.1 109 / 126 90 30.6 24.5 109 56.6 24.5 109 
39 Tn 1.1 109 / 126 90 30.6 24.5 109 56.6 24.5 109 
60 Tn 1.1 109 / 126 135 - 24.5 109 59.3 24.5 109 
500 
0 Tn 1.1 67 60 12.3 12.3 67 12.3 12.3 67 
12 Tn 1.1 67 / 86 90 15.3 12.3 67 23.9 12.3 67 
26 Tn 1.1 67 / 86 90 19.1 12.3 67 29.7 12.3 67 
39 Tn 1.1 67 / 86 90 19.1 12.3 67 29.7 12.3 67 
60 Tn 1.1 67 / 86 135 19.1 12.3 67 36.8 12.3 67 
300 
0 Tn 1.1 50 60 7.6 7.6 50 7.6 7.6 50 
12 Tn 1.1 50 / 69 90 9.56 7.6 50 14.79 7.6 50 
26 Tn 1.1 50 / 69 90 9.56 7.6 50 18.43 7.6 50 
39 Tn 1.1 50 / 69 90 9.56 7.6 50 18.43 7.6 50 
60 Tn 1.1 50 / 69 135 11.92 7.6 50 22.86 7.6 50 
 
